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Abstract 
In this study, we followed up weekly xylogenesis of 124 trees sampled from three Larix taxa 
(EL: European, JL: Japanese and HL:hybrid larches) across 2 sites in France. A method 
combining pinning and microdensitometry was developed to reconstruct dynamic 
microdensity profiles. From them, we derived dates (onset and completion), durations and 
speeds of formation of early-, transition- and late-wood. In parallel, bud phenology, apical 
and radial growths, as well as shoot lignification were recorded in search for easily observable 
‘external’ signals of cambial activity. Early-wood started to form on average at Julian day 
109, the transition-wood between Julian days 203 and 221 and the late-wood tissue was 
completed at Julian day 273. The main difference between taxa in the timing of xylogenesis 
was the dates of ending of late-wood and the length of the growing season (14-17 days longer 
for HL compared to JL and EL). The early-wood onset seems to be more temperature-
dependant, while the transition from early- to late-wood seems to be related to water 
availability as shown in irrigated vs non-irrigated trees. Finally, we have been able to identify 
some ‘external’ traits synchronous to some wood formation parameters. Early-wood started 
when 30-60 % of crown was green and terminal bud was at an early stage of flushing. 
Transition-wood started and ended slightly before and after 90% of radial and apical growths 
were achieved and terminal shoot lignification reached it maximum rate of extension. Late-
wood completion was concomitant with start of crown yellowing and 14 days later than 
terminal bud setting. The periods of tissues formation were well identified by ‘external’ 
markers over the growing season. 
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1  Introduction 
Productivity of trees is driven by basic factors such as radiation, water and carbon 
dioxide required for photosynthesis, and by more finer controls related to foliage, light-use 
efficiency, water availability, temperature conditions, availability of soil nutrients, the 
adaptation of species to extreme events and their use-efficiency of water and nutrients 
(Hopkins and Hüner, 2004; Schulze et al., 2002). Also, the length of the growing season is an 
important determinant of forest production (Nemani et al., 2003) and delays in apical 
meristem and cambium reactivation could reduce the period favorable for tree growth.  
In the context of climatic change, the growing season length could be moderately affected 
by an increase of temperature (Boisvenue and Running, 2006; IPCC, 2007) and its duration 
will be probably more extended. But this is not the only change predicted for the coming 
years: regions including France, Germany and the Balkans area should suffer from an increase 
of frequency and intensity of heat and drought events, which could have even more serious 
impacts (Meehl and Thebaldi, 2004). 
Tree productivity is results of  ring wood formation. Such activity exhibits an annual 
periodicity in temperate regions and it is influenced by both external and internal factors: on 
one side, regularly changing seasons synchronized with alternation of favorable/unfavorable 
climatic conditions during the growing season; on the other side, internal factors related to 
age and physiological states (hormones and carbohydrate distribution and flow). Many 
processes are involved in wood formation and they can be tackled from different study areas 
like physiology (Aloni, 2001; Funada et al., 2002; Rossi et al., 2008a), dendroecology 
(Antonova and Satasova, 1997, 2002; Deslauriers et al., 2008, Rensing and Owens, 1994, 
Rossi et al., 2009a) or dendrochronology (Fritts, 1976, Schweingruber et al., 1993, Gartner et 
al., 2002). 
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Wood formation studies and in particular tree ring analysis, are well-adapted to answer 
questions from many disciplines. Studies of wood quality, competition among trees or genetic 
variability of wood properties consider wood in a “static” way or take into account the inter-
annual ring variations. The key in this kind of works is to dispose of several rings to be 
analyzed. However, during the last 10 years, the study of wood formation at the intra-annual 
ring scale has become necessary in particular to investigate the influence of climate on ring 
wood formation and tree reaction against extreme climatic events or environmental stresses. 
Most studies tend to understand the development of tracheids from a physiological and 
anatomical point of view (Larson, 1994; Antonova and Satasova, 1997, 2002), the optimal 
environmental conditions for cambium reactivation or cell division (Begum et al., 2007; 
Gricar et al. 2007b; Rossi et al 2008a) and the effect of environmental conditions on intra-
annual radial increment (Jenkins, 1975; Park and Spiecker, 2005; Rossi et al., 2006a, 2007; 
Linares et al., 2009). 
The phenology of annual ring formation (onset and end of cambium activity as well as of 
the transition from early- to latewood during the growing season (Seo et al. 2007)) has 
become a key-topic in ecology (e.g. for tree plasticity studies) as well as in genetics and tree 
improvement (e.g. for improvement of wood properties and adaptability parameters). 
Phenology of annual ring formation has already been tackled in several studies but using a 
reduced quantity of sampled trees (Grotta et al., 2005; Cufar et al., 2008; Deslauriers et al., 
2003, 2008; Seo et al., 2008; Gruber et al., 2009b). This is acceptable for physiogical studies, 
but for genetic studies for which variability among trees is a critical parameter, it is necessary 
to significantly increase the amount of sampled trees. The methodologies applied so far, based 
on fresh tissue utilization, microtome cuts and staining, are difficult to carry out on high 
numbers of trees and thereby prevent the use of phenology of annual ring formation for 
example for breeding purposes. 
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Since the development of X-ray densitometry in the 70’s (Polge, 1966; Schweingruber et 
al., 1993), wood density and size properties of annual rings have been intensively studied. 
This technique has also more recently proved to be useful to study adaptive traits and tree 
plasticity (Martinez-Meier et al., 2008, Sanchez-Vargas et al., 2007, Wimmer and Grabner, 
2000). 
Combination of methodologies and results coming from wood formation phenology on 
one side, and from X-ray densitometry, on the other side, could permit the development of a 
powerful analytical tool: it could provide at the same time a response to the sampling problem 
previously mentioned and a better insight into the genetic and environmental control of wood 
formation. Only scarce or null information is available tending to combine these two fields of 
research. A key application of time inclusion into intra-annual ring microdensity variation 
would be to compare patterns of tree response to environmental changes using variation of 
wood structure as a recorder of cambial activity over time. 
Several authors have studied the relationships between wood formation and, bud 
phenology, needles development or shoot growing rhythm (Jayawickrama et al., 1997; 
O’Reilly and Owens, 1989, Rensing and Owens, 1994; Rossi et al, 2009a). This type of 
results helps better understanding the connection between physiological processes occurring 
at the same time in trees, but it could also help identifying external phenological or 
morphological markers of internal process of ring formation. These external markers, easier to 
observe, could be useful for example to characterize steps of cambial activity of ring wood 
formation. 
External climatic factors during the growing season have a strong influence on cambial 
activity (Antonova and Stassova 1997, 2002), together with modification of concentrations of 
plant regulators within the tree (Reninger et al., 2006, Savidge, 2000, Uggla et al. 2001, 
Funada et al. 2002). Some particular regions of trees (terminal bud, new needles) are 
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suspected to act as receptors of environmental signals, thereby to be responsible for adjusting 
internal hormones gradients and, consequently for controlling wood formation (Reninger et 
al., 2006). 
In Europe, larch (Larix sp.) is an alternative to Douglas-fir and spruces for plantation. A 
challenge for these species is to provide foresters with fast-growing, well adapted materials to 
the foreseen changeable environment and with suitable wood density properties. A better 
knowledge of the phenology of ring wood formation and of its genetic variability would help 
breeders to select material exploiting at best the growing season from an adaptive prospect as 
well as for wood production (quantitatively and qualitatively). 
Within this scope, our aim in the present study is to identify the different phenological 
phases of ring wood formation in larch and to search for external signals of tree development 
(like phenological events, radial and terminal shoot growth, lignification) which could be 
related to annual ring formation. Therefore, this study aims to learn and compare the 
dynamics of growth and tree ring formation (onset, duration of growing season) for different 
larch taxa and to investigate links between some external morphological or developmental 
signals and internal wood formation process. 
 
 
2 Materials and methods 
2.1 Trial description 
This study was carried out in two distinct farm-field progeny trials in France in order to 
benefit from the presence of pure European (EL) (Larix decidua Mill.) and Japanese (JL) 
(L.kaempferi) larches and of their hybrid (HL). The first one was established at Peyrat-le-
Château (PEY) in 2003: it included 54 full-sib progenies of hybrid larch and one commercial 
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provenance of Japanese larch. A sample of 94 trees (88 HL from 9 progenies + 6 JL) was 
used for the study. 
The second trial was located in Orléans (ORL) and planted in 1995: it has been 
established with 20 half-sib families of EL (‘polonica’) and one HL progeny (seed orchard 
progeny). In 2000, a water-regime experimentation was carried out with a continuously 
irrigated treatment vs a non-irrigated treatment (Gauchat and Pâques, in revision). Thirty-five 
trees were sampled: 25 EL and 5 HL from the non-irrigated treatment and 5 HL from the 
irrigated treatment. More details on the trials are given in Table I. 
 
2.2 Pinning method 
To track out the cambial activity over the growing season, we used the ‘pinning method’,. 
It consists in inserting a mounting insect pin into the tree trunk periodically, during the 
growing season, so to provoke an injury at the cambial zone level. As a reaction, the cambial 
cells produce deformed and distinctive cells than can be identified by microtome cuts with the 
help of refraction microscope (Wolter, 1968). 
During 2006, we inserted a pin (diameter 0.5 mm) on each of the 129 sampled trees, 
every 7-10 days starting on 30th March and ending on 23rd November. The first pin was 
inserted at 60-80 centimeters above ground and the following ones were placed upwards 
along the stem as close as possible to each other (around two centimetres apart). Altogether, 
25-26 pins were installed and kept on the trees (figure 1a and 1b) until the collection of wood 
samples.  
At the end of the growing season, trees were felled and wood disks were obtained at the 
level of each pin. Small wood samples -about 0.5 cm thick and including at least the last two 
rings - were sawn off with the pins kept into the samples (figure 1c and 1d). 
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Because of the enormous quantity of samples (129 x 25-26 samples) to process, an 
adaptation of the traditional pinning method was necessary: indeed this method basically 
relies on the preparation of thin slices of wood obtained with a microtome that are staining 
and observed with a refraction light microscope (Wolter, 1968; Antonova and Stasova, 1997; 
Seo et al., 2007; Rossi et al., 2006b).  
In our study, we used instead fine wood polishing: the upper face of each wood sample 
(figure 1f-1) –glued on a piece of wood for easier handling- was carefully polished (figure 1f-
2) with the help of a precious stone polisher (figure 1e) using grids from 600 to 1200 
grains/square inch. Regularly, the appearance of the pin injury was checked with a binocular 
microscope. 
Afterwards, we captured an anatomical image of the last complete ring from each sample 
with the help of a digital camera mounted on a reflected-light microscope Leica DM4000 M 
using an objective of 50x magnification. 
With the Visilog 6.0 image analysis software, we measured two parameters on each 
image: the 2006-ring width (RW) and the cambial mark ‘injury distance’ (ID). These 
parameters were obtained drawing three straight lines (S1, S2 and S3) on the image as it can be 
seen in figure 2. RW is equivalent to the distance between S1 and S3. This parameter was 
obtained by an average of 2 measurements (RW’ and RW’’) made at both sides of the injury 
in order to avoid measurement errors caused by deformations (figure 2). ID was acquired 
measuring the distance from S1 up to S2; adopting the same criterion of averaging two 
measurements (ID’ and ID’’) on both sides of the injury due to possible different locations of 
the changes of tracheids rows. 
For each image, that is for each sample at a given date, we obtained the proportion of 
radial growth up to a given date (Prg) using the ratio ID/RW. This ratio was used instead of ID 
to avoid the effect of ring width variation along the stem. Proportions were then used to 
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reconstruct absolute ring widths at the various dates from a reference ring used for the 
microdensitometry analysis (see below).  
 
2.3 Static and Dynamic ring microdensity profiles 
An additional orientated wood disk from each tree was sampled at 1.30 m height in the 
trunk at Orléans and at approximately 1 m on younger trees at Peyrat-le-Château. Two 
millimeters-thick boards were extracted from pith to bark at the same orientation than the 
pins, and X-rayed following Polge (1966). With the help of WinDENDRO software (Guay et 
al., 1992), the wood density profiles along the radius were then obtained, and the profiles of 
the 2006 ring extracted. These profiles will be further on called “static” microdensity profiles 
as they describe the variation of wood density along the ring width (figure 3a). Mean (MRD), 
minimum (MID) and maximum (MAD) ring densities were extracted. 
Classically in wood density studies, 2 tissues are distinguished along the ring: the early-
wood and the late-wood. Sustained by anatomical properties, the delimitation is frequently 
done using MDP (mean density point) criteria calculated as (MAD – MID)/2. In this study, 
we included a third tissue, namely the transition wood that was delimited by MDPinf 
(calculated as (MDP-MID)/2) and MDPup ((MAD-MDP)/2) as represented in figure 3a. 
Early-(ewd), transition- (twd) and late-wood (lwd) widths and their proportions over the total 
ring width (ewp, twp and lwp) were obtained. 
Based on Prg and the dates obtained through the pinning method, static profiles for the 
2006-ring were synchronized so to express the variation of density through time. To do so, we 
assumed that growth was linear between 2 dates. So-called ‘dynamic’ microdensity profiles 
were constructed for each tree (figure 3b). The start and the end of radial growth were 
determined by the first and the last dates in which cambial activity was detected by the 
microscope images. 
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From these ‘dynamic’ profiles, we identified 4 important dates delimiting the 3 types of 
tissues: the start of early-wood formation (Sew), the start and the end of transition-wood (Stw 
and Etw respectively), and the end of late-wood formation (Elw). From these, the duration of 
formation of the 3 tissues was calculated and expressed in absolute values (days) (Dew, Dtw, 
Dlw) and as a percentage of the total duration (Dtot) of annual ring formation (%Dew, %Dtw, 
%Dlw respectively). The timing of cell production (division) is different from that of cell 
maturation (mature tracheid) (Rossi et al. 2009a), this could lead to an error of 10-15 days in 
the analysis but it should not affect comparative analysis among taxum. 
Based on the width of tissues and the duration of their formation, the average speed of 
formation of each tissue was estimated (SFew, SFtw, SFlw). As well, the change of wood 
density over time while the transition wood was produced was calculated as the slope between 
two points: Stw and Etw (SLOPEtw= (density at Stw-density at Etw)/Dtw).  
 
2.4 Phenological and growth data 
At each date when a pin was inserted, several phenological, morphological and growth 
parameters were assessed. Phenological observations included terminal bud flushing and 
crown greening during spring, and crown needles senescence and terminal bud setting at the 
end of the growing season. At both sites, terminal bud flushing was assessed with a subjective 
scoring system (0= dormant to 5 = start of elongation, more details in Gauchat and Pâques, 
2011) and we took as reference the Julian day in which terminal bud was in stage 2 (TB 
Flushing), when green needles become visible. For crown greening, we measured the 
proportion of green crown, expressed in percentage of total crown (Gauchat and Pâques, 
2011). We considered ‘green’ the part of the crown with needles completely unfolded, up to 1 
cm long but still spindle-shaped and we took as a common indicator the Julian day in which 
between 30 and 60% of crown was “green” (Crown Greening). In contrast, bud set was only 
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observable at PEY on young trees; we applied a subjective scoring: 0, no bud visible; 0.5, bud 
visible but still open; 1, bud set. Crown needle yellowing (CY) was observed in a global way 
following a subjective scoring (0: green crown, 1: some needles that began to turn yellowish, 
2: some branches with needles completely yellow, 3: groups of branches with yellow needles 
localized randomly in the crown, 4: whole crown yellow except the branches along the 
terminal shoot and 5: whole crown yellow). 
Radial growth was derived from the ring analysis based on the pinning method for all 
trees. For apical growth, only trees at PEY could be followed because of the too tall height of 
trees at ORL. Every 7-10 days, we measured the elongation of the terminal shoot and the 
extension of lignification along the terminal shoot. Was considered ‘lignified’ the brown-
brownish part of the shoot in contrast with the remaining soft green part towards the 
meristem. Finally, we noted the dates of apparition of sylleptic branches on the terminal shoot 
using a score of 0: absence of sylleptic branches, 0.5: small twigs at least 1 cm long, 1: twigs 
longer than 1 cm. 
At ORL, lignification was assessed with a subjective scoring (scale, 1: up to 25 % of the 
annual shoot length lignified, 2: between 25 and 50 % of annual shoot length lignified, 3: 
between 50 and 75 % of annual shoot length lignified, 4: between 75 and 100 % of annual 
shoot length lignified). 
 
2.5 Modeling and statistics  
In order to get a continuous expression over time, growth processes were modeled using 
a Weibull growth model (Yang et al., 1978). Well-fit to tree growth increment modeling, 
Weibull model has also the advantage to provide comprehensive synthetic biological 
parameters of growth process such as the dates of start (achievement of 10 % of growth, T10) 
and of end of growth (achievement of 90 % of growth; T90), and the date (Ti) of maximum 
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growth rate. Parameters were obtained for the radial growth (T10rg, Tirg and T90rg), the 
terminal shoot elongation (T10hg, Tihg and T90hg) and the lignification extension (T10lig, 
Tilig and T90lig). 
Analyses of variance (ANOVA) were performed on all variables to test the significance 
of differences among progenies taxa based on the model expressed in eq. 1, where µ, i and ei 
are the general mean, the genetic effect due to taxa, and the error term, respectively. 
 
iii ey ++= τµ       (eq. 1) 
For statistical comparisons between irrigated and non-irrigated groups of trees at ORL, 
we used a paired t-test. 
Finally, Pearson’s correlation coefficient was used to evaluate the relationships between 
external parameters (bud phenology, apical and radial growth and lignification) and key dates 
of ring wood formation. 
 
 
3  Results 
Bud phenology and dynamics of growth 
On average, the crown greening and the terminal bud flushing occurred simultaneously at 
both sites (Table II), that was on average after 105-107 Julian days (April 15-17th) for crown 
greening and a few days later for TB flushing (108-109 days). At individual tree level, crown 
greening usually occurred 7-10 days earlier than terminal bud flushing.  
Period of needle senescence and dynamics of crown yellowing showed slight differences 
among sites. At ORL the whole process of needle yellowing was shorter and more abrupt, 
between Julian days 283 and 317 (10th Oct - 13th Nov) whereas at PEY crown yellowing took 
place over a longer period, between Julian days 269 and 325 (26th Sep – 21th Nov). Bud set 
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was only assessed at Peyrat and on average, it occurred on Julian day 266 (September 23th) 
(Table II): at individual tree level, that meant 16 days before crown yellowing. 
Then radial growth started at PEY on average 3 days later than at ORL (110+/- 4 vs. 
107+/- 4 Julian days). Differences were even greater for the termination of radial growth: 
trees at PEY finished their growth on average 30 days later than at ORL: 281+/- 16 vs. 251+/- 
14 Julian days. The total growing season for the secondary meristem was 144 and 188 days at 
ORL and PEY, respectively. 
Results from Weibull modeling (Table II) showed slight differences (2 days) among sites 
for dates in which 10% of radial growth was reached (T10rg), while differences were really 
pronounced (43 days) for dates in which 90% of radial growth (T90rg) was achieved. The 
maximum growth rate Tirg was observed more lately at PEY on Julian day 180 (June 29th), 
that was 20 days later than at ORL.  
Apical growth and terminal shoot lignification: they lasted 102+/- 14 and 100+/- 15 days, 
respectively. Shoot elongation (T10hg) began on Julian day 145 (May 25th), that was nearly 
one month later than the beginning of radial increment. Differences between the start of radial 
increment and the start of height growth (T10hg) at individual tree level ranged between 18 
and 62 days. The maximum growth rate (Tihg) and the ending of elongation (T90hg) were 
produced on Julian day 195 (July 14th) and 225 (August 13th), respectively. The termination of 
shoot elongation (T90hg) was produced nearly two months (56 days) before the end of radial 
growth. Logically, lignification of terminal shoot started nearly one month later than the start 
of shoot elongation, and it finished also one month later than the end of shoot elongation 
(Table II). 
 
 
Characterization of the 2006 annual ring 
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Ring widths reached higher values at PEY than at ORL (Table III). However the 
proportions of each tissue were similar for both sites except for transition-wood. Early-wood 
represented at both sites the largest proportion of total ring width (71.8 and 79.1% at ORL and 
PEY respectively). Although the transition-wood width was higher at PEY, it represented a 
smaller proportion of total ring width compared to that in ORL (nearly half of it). In general, 
the individual tree variability was smaller for early-wood width than for late-wood width; the 
transition wood showed the highest variability among trees. 
On average, mean ring (MRD), minimum (MID) and maximum (MAD) densities for both 
sites reached 0.42 (SD=0.04), 0.28 (SD=0.03) and 0.91 (SD=0.06) gr/cm3, respectively. And 
densities values used to delimitate early-, transition- and late-wood were 0.43 (SD=0.03), 0.57 
(SD=0.04) and 0.76 (SD=0.05) gr/cm3, respectively for MDPinf, MDP, MDPsup. 
 
Phenology of ring formation 
Parameters of the dynamics of ring formation during year 2006 are shown in Table IV. 
On average, early-wood started to form at Julian day 109 (19th April); it lasted 94+/- 21 days 
and it showed the highest formation speed compared with other tissues (0.05 mm per day). To 
form early-wood, trees spent around 57% of total time employed to produce the total ring. 
Transition from early- to late-wood took place, on average, between Julian days 203 (22th 
July) and 221 (9th August). Transition-wood was the tissue with the shortest period of 
formation (18+/- 12 days) and its formation was proportionally less lasting than other tissues 
(~11%). Its speed of formation was intermediate (0.03 mm per day). During formation of the 
transition-wood, the density increased, on average, by 0.03 g/cm3 per day. 
The late-wood tissue was produced on average, between Julian days 221 and 273 (9th 
August and 30th September), respectively. To form late-wood trees spent ~32% of total time 
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invested to produce the complete ring, which meant 52 days. Late-wood formed at the slowest 
speed (0.02 mm/day). 
Overall, the starting date of ring formation was much less variable than the ending date 
but the highest variability was observed for the transition-wood starting and ending dates. 
 
Differences among taxa 
Strict comparisons at taxa level between sites were not possible due to different genetic 
material of HL and age of trees, but analyses of trends within site are feasible. At both sites, 
dates of Sew, Stw and Etw did not show differences higher than 3 days among taxa (Figure 4 
A). In contrast, for date of Elw at ORL, EL finished late-wood formation 21 days before HL 
(246 vs. 267 Julian days), and at PEY, JL completed late-wood formation 16 days before than 
HL (265 vs. 281). 
Concerning the period to form the different tissues, early- and transition-wood showed at 
both sites differences among taxa not larger than 2-4 days but the duration of late-wood 
formation was markedly higher in HL than in pure species (EL and JL) (Figure 4 B). At ORL, 
formation of late-wood lasted 20 days more for HL compared to EL (74 and 54 days 
respectively), and 15 days at PEY in comparison with JL (36 for JL and 51 days for HL). 
Consequently, total duration of tissue formation was longer for HL than for the other taxa (17 
and 14 days respectively at ORL and PEY). Results of proportions of duration of early-, 
transition- and late-wood compared to total duration are in correspondence with those of 
durations in absolute values (Figure 4 C). 
Only slight differences among taxa were also found for the speeds of tissue formation 
(Figure 4 D) and there is no clear tendency of HL compared with its respective parental 
species at each site.  
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The change of density during production of transition-wood (SLOPEtw) was slightly 
steeper for EL than HL (0.023 vs. 0.016 g/cm3.day-1) at ORL while SLOPEtw of HL and JL 
were similar at PEY (0.032 g/cm3.day-1 for both taxa). 
 
Environmental effects on wood formation: Soil water availability effects 
The mean ring width of trees in the well-watered conditions was nearly twice that of trees 
in stressed conditions (Table V). Early-, transition- and late-wood ring widths in irrigated-
trees were also higher than in non-irrigated trees (superiority of 31, 131, 180 %, respectively 
over non-irrigated trees). For all variables, variability among trees was always higher in the 
irrigated treatment.  
Radial growth started and ended at about the same time in irrigated and non-irrigated 
trees, and the total duration of overall ring formation was similar in both environments 
(difference of 3 days). However, the transitions from early- to transition-wood and from 
transition- to late-wood were delayed by about 11 and 14 respectively days in irrigated trees 
compared to non-irrigated trees (Figure 5). 
Significant differences between well-watered trees and non-irrigated trees were found for 
the overall ring width, the proportion of early-wood width and the duration of its formation, 
and also for speeds of tissues formation: SFew, SFtw and SFlw (Table V). 
 
Links between wood formation traits and, phenology of bud, growth and lignification 
Relating initiation of early-wood production and bud-burst (Figure 6), we observed that 
when the cambium began to produce early-wood cells (Sew), crown greening reached around 
30-60 % of the crown height at ORL and PEY, and the terminal buds were on average at stage 
3 at ORL and at stage 2 in PEY. 
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The first cells of early-wood (Sew) were detected at PEY about 7 days earlier than T10rg 
and 35 days earlier than T10hg. At ORL, on average, initiation of early-wood was 13 days 
earlier than T10rg (Table II and IV). 
At PEY, transition-wood (Stw) started on average 18 days after the date of the maximum 
rate of shoot elongation increment (Tihg), nearly one month after the date of the maximum 
rate of radial growth (Tirg), and 10 days before the maximum rate of lignification (Tilig) 
(Figure 6 and Tables II and V). At ORL, transition-wood formation started, on average, 8 
days later than the date of maximum rate of radial increment (Tirg). More precisely, at PEY, 
Stw was estimated to start forming when the terminal shoot reached around ¾ of its total 
length and when a bit more than half (55%) of shoot length was lignified. Trees started the 
production of transition-wood about 26 days after the apparition of the first sylleptic branches 
on the terminal shoot (90% of the trees had sylleptic branches with an average length of about 
1 cm). Although it was not possible at ORL to measure shoot elongation, lignification and to 
observe the sylleptic branch apparition due to tree size, we detected that start of transition-
wood was produced more closely to Tirg than at PEY. 
Late-wood (Etw) formation started at PEY nearly at the same time when radial and apical 
growth reached 90% (Figure 6). On average, Etw occurred 3 and 6 days later than T90rg and 
T90hg and Tilig, respectively. At ORL, the transition to late-wood formation (Etw) occurred 
on average 4 days later than T90rg. When late-wood started, most trees (72%) presented at 
least 25% of their terminal shoot lignified. At both sites, start to late-wood production seems 
to be related to the end of radial growth. 
At PEY, the extension of late-wood (Elw) ended on Julian day 280 (7th October), that was 
nearly 56, 53, and 28 days later than the T90 of apical and radial growth and of lignification, 
respectively. It was more concomitant with terminal bud setting (14 days later) and especially 
with the start of early crown yellowing (stage 1): 2 days before (Figure 6). At ORL, the end of 
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the annual ring formation (Elw) took place, on average, 63 days after of radial growth reached 
90%. At the time late-wood formation was achieved, the lignification of the terminal shoot 
reached stage 4 (75-100% lignified) in the 96% of the trees; Elw occurred on average 48 days 
before early crown yellowing (stage 1). The delays between Elw and T90rg at both sites may 
denote problems with a precise detection of the end of radial growth related to the method 
used to follow radial growth. 
In Table VI, we presented the correlation coefficients between the dates of start and end 
of wood tissues formation obtained from the ‘dynamic’ profiles and needle phenology and 
key-dates for radial growth, annual shoot elongation and lignification extension (T10, Ti and 
T90) obtained from the Weibull growth modeling. 
At PEY, weak but still positive and significant correlations were found between the date 
of start of early-wood formation and the starting date of radial growth (T10rg) and Crown 
greening (CG30-60): r=0.37 (p-value: <0.001) and r=0.24 (p-value: 0.02), respectively. The 
initiation of transition-wood formation was closely linked to Tirg (r=0.44; p-value: <0.001). 
Although the transition to late-wood (Etw) was later in terms of timing, it was moderately 
correlated with maximum rate of radial growth (r=0.51, p-value: <0.001). The start of late-
wood formation was also moderately linked to T90rg (r=0.56, p-value: <0.001). The best 
correlation was found between the end of late-wood formation and T90rg (r=0.81, p-value: 
<0.001). Links between Elw and the end of apical growth (T90hg) or lignification (T90lig) 
were always weaker than those for radial growth but they were still significant (Table VI). 
At ORL, initiation of early-wood was moderated linked to T10rg (r=0.42, p-value: 
0.021). Although the delays in timing between the date of maximum rate of radial increment 
(Tirg) and start of transition-wood formation (11 days), these traits were significantly and 
tightly linked (r=0.61, p-value: <0.001). Also, a delay of 8 days was detected for transition to 
late-wood formation (Etw) and T90rg and their correlation was strong (r= 0.66, p-value: 
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<0.001). Despite of the great difference in terms of timing between the end of ring formation 
(Elw) and T90rg, these parameters were significantly  and moderately correlated (0.56, p-
value: <0.001). Crown yellowing (CYstate 1 and 2) were weakly linked to the end of ring 
formation: 0.33 (p-value: 0.079) and 0.36 p-value: 0.051). Values of correlations found at 
ORL were always higher than PEY (Table VI). 
 
 
4 Discussion 
Dynamics of ring formation 
Unlike many other coniferous genera, larches are deciduous, and after turning yellow 
during autumn, they lose their needles every winter. This special feature puts larches in an 
unfavorable situation compared to evergreen conifers. Indeed, each year during spring, 
larches need to produce completely new foliage to start with photosynthesis process and 
consequently initiate their radial growth. Meanwhile, other evergreen conifers of temperate 
zone reactivate cambial activity and formation of wood ring as soon as their cold 
requirements are achieved to break dormancy and adequate temperature thresholds and heat-
sums are reached for xylogenesis (Rossi et al., 2007, Seo et al. 2008). 
 
The various combinations of external and internal factors result in the formation of wood 
tissues noticeably different (Linares et al., 2009). On the one side, cells (early-wood) 
produced during the first part of the growing season when the cambial meristem is highly 
active have a large diameter and lumen and thin-wall. On the other side, during the last part of 
the growing season when cell division in the cambial region declines, tracheids with a narrow 
diameter and a thick cell wall are then produced. 
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According to our results, the first cells of early-wood appeared by mid-April when trees 
had almost 30 to 60 % of their crown height with visible green needles; at that time their 
terminal bud was still at a very early stage of development. The terminal shoot started 
elongating almost one month later after radial growth started. The maximum rate of radial 
growth and the start of lignification of the terminal shoot were observed nearly one month 
before the start of the transition-wood. At PEY, transition from the early- to late-wood was 
produced between end-July and mid-August: during this period we registered the maximum 
rate of lignification of the terminal shoot. Finally the late-wood ended its formation on 
average, at the end of September nearly at the same time the terminal bud was formed and the 
first signals of yellowing of the crown were visible. However, at ORL on taller trees late-
wood finished it formation more than one month before the start of yellowing of the crown. 
Compared to other studies with larch, our results showed an earlier start of the radial 
growth. For example, Moser et al. (2010) and Rossi et al. (2009a) indicated mid-May and end 
of May as the starting dates of cell production for European Larch in the Alps. As well, 
Antonova and Satassova (2002) observed the resumption of cambium activity by mid-May 
and the development of xylem elements 10 days later than cambial activity reactivation for 
Larix sibirica Ldb. Besides differences in the species (or in genetic origin within species for 
European larch) studied, environmental differences might also explain our results: elevation 
(>1300-2100m) or continentality, and thus climate of sites from which trees were observed in 
these studies, were highly contrasted with our low elevation sites (<500m) under strong 
oceanic influences. If according to Moser et al. (2010), onset of the growing season is 
changed by 3-4 days/100 m elevation, then onset of growth in our study would be coherently 
predicted to be earlier. More precisely, Rossi et al. (2008a) showed that a mean temperature 
threshold of 8.4°C is requested for cambium reactivation: without any doubt, this threshold 
was reached much earlier in our two lowland sites, and a bit earlier at ORL than at PEY. 
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Methodological aspects may also explain in some respect these differences: it is clear that 
cambial activity resumes before newly differentiated xylem cells could be observed (Savidge 
and Wareing, 1981). But in our study, the dates of formation of tissues were identified 
retroactively from fully mature wood, without taking into account the stage of cell maturation. 
Consequently, dates of initiation and termination of tissue formation could be affected when 
compared with the cited studies that use anatomical cuts for date assessments. 
Bud flushing in larch is acropetal and centrifugal and several days or even weeks usually 
separate flushing of buds on lower branches from flushing of the terminal bud and elongation 
of the main shoot. We showed in this study that early-wood cells formation started 6-12 days 
after buds started flushing at the base of the crown, but full greening of the crown was not 
necessary before reactivation. At least 30-60% of the crown needed to be green and the 
terminal bud at the initial stage of flushing before we observed resumption of radial growth. 
The terminal shoot elongation took place nearly one month later. This result is similar to 
Rossi et al. (2009a)’s observations on larch which indicated a reactivation of the cambium 
well in advance on shoot growth; but our results did not totally support their observation that 
cambium resumption was synchronous with the development (elongation) of needles. In 
agreement with Moser at al. (2010), we observed also that a large proportion (at least half) of 
buds of the crown should be flushed before radial growth could start, but in contrast with that 
study, we did not observe such a wide span of time (3-4 weeks) between needles apparition 
(50% of all buds broken) and the start of radial growth. In any case, in contrast with results 
for some other evergreen species (Rossi et al., 2009a), these 3 studies on larch confirm the 
existence of a link between cambial activity and bud flushing, but not with shoot elongation. 
It supports at least partly the hypothesis that hormones (auxins) produced by newly formed 
needles would -with some delay due to basipetal flow-, reactivate the vascular cambium and 
induce xylogenesis (Larson, 1969).  
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Transition from early- to late-wood is important in xylogenesis because it marks 
significant changes at the anatomical level with consequences on wood quality properties (e.g. 
increase of wood density) but also on physiological and adaptive properties (e.g. water 
storage). In this study, we considered independently the transition wood from other tissues: 
indeed we think that the high variability found around the formation of this tissue both in 
terms of delays or level of intensity corresponds to different cambial responses to factors 
triggering transition from early- to late-wood. Indeed transition to late-wood occurs each year 
but not at the same time (Deslauriers et al., 2003). Clearly differences in SLOPEtw may be 
interpreted as the capacity of trees to face and react to given environmental conditions (i.e. 
drought) and it could be used as an indicator of sensibility of trees to given stress. 
Several factors have been suspected to act as possible triggers for transition from early- to 
late-wood. They include fixed environmental factors such as the photoperiod (Larson, 1962) 
but also variable ones like the soil water deficit and high temperatures (Kramer 1964; 
Antonova and Stasova, 1997; Lebourgeois, 2000). However, the high variability for dates of 
transition as observed in this study among trees and among sites did not comply with any 
single fixed or variable factors hypothesis; most probably a combination of them is needed. 
Internal factors connected either to the decrease in auxin concentration gradients as 
hypothesized by Sundberg et al. (2000) or to internal competition for carbohydrates between 
apical and cambial growth (Minchin and Lacointe, 2005) could also be involved in the 
transition towards late-wood. In the first case, it is hypothesized that transition to late-wood is 
synchronized with the cessation of needle or shoot growth whereas in the second, late-wood 
initiation occurs once shoot elongation is achieved.  
While a different situation was described for Picea and Pinus, Rossi et al. 2009a 
observed on European larch that the first late-wood cells were produced when needles 
elongation was achieved but by that time, shoot elongation was just starting; however their 
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wall thickening occurred well when both needle and shoot growths were completed. In our 
study, the transition-wood tissue was formed over a period when 90% of terminal shoot 
growth was completed and its lignification was at its maximum speed rate. But typical late-
wood tissue started to form well before the total cessation of shoot growth and bud setting. In 
concordance with Renninger et al. (2006) on Douglas-fir, we did not find any correlation 
between transition wood and cessation of terminal shoot growth, which led to suppose that 
even if late-wood is forming at about the same time the terminal shoot growth is ending, there 
is no causal relationship between these two phenomena. Instead, relationships were detected 
with the maximum rate of shoot elongation. Thus, changes in climatic variables may stimulate 
different organs (apical bud, roots, etc.) to change concentration or gradient of plant 
regulators in cambial zone controlling the differentiation of tracheids. 
Our results showed an earlier transition to late-wood than that observed by Rossi et al. 
(2009a): in this latter study, first late-wood cells were indeed estimated to be produced at the 
end of June on European larches at high elevation in the Alps. In contrast for our trees, 
transition-wood started to form nearly one month later in our lowland sites and even more 
later (20 additional days) for typical late-wood tissue. This confirms once more that 
photoperiod alone is not sufficient to explain transition to late-wood. Temperature and water 
regime should also be considered. 
The differences (more than 45 days) in the dates of formation of transition-wood tissue 
between ORL and PEY in our study could be attributed, following Antonova and Stasova 
(1997) and Lebougeois (2000), to different water regimes. The stronger soil water deficit 
recorded at ORL early-June and the higher mean and maximum temperatures would have 
enhanced the transition process from early- to late-wood. In contrast, at PEY with less 
stressful water regime conditions, the transition to late-wood started later, but its period of 
formation was also shorter. 
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More clearly, in our comparison of irrigated vs non-irrigated trees (same genotype) at 
ORL, the only major difference observed in ring phenology was the delayed date of transition 
from early- to transition-wood in irrigated trees. This is coherent with previous findings by 
Zahner et al. 1964 who observed that formation of early-wood was delayed in irrigated 
Douglas-firs compared to non-irrigated trees. While irrigated and non-irrigated trees started 
initiation of early-wood cells at about the same time, the duration of early-wood formation 
observed in our study was longer in non-limiting water regime conditions. So the start of 
early-wood formation looks more temperature-dependant in that period of the growing season 
where water is not limiting; in contrast, the completion of early-wood is obviously dependent 
on water availability. In the same way, Eilmann et al. (2006) found significant correlation (r= 
0.67, p<0.05) between the number of late-wood cells and drought index. Abe and Nakai 
(1999) showed that living cells around the cambial zone easily lose their turgor even with a 
small decrease in water potential in a tree stressed by water deficit. And the water stress 
inhibits cell expansion, producing cells with smaller diameter. In connection with soil deficits, 
water shortage could trigger an early change from early- to late-wood cells. 
The end of xylem production observed in our study was strongly coincident with what is 
described in the literature. At ORL and PEY, the end of late-wood formation occurred 
respectively in early-September and early-October. Rossi et al. (2008b) in concordance with 
Moser et al. (2010) found as well that the end of xylem cell differentiation lasted from mid-
September to mid-October in European larch but from high elevation sites. By that time, the 
terminal shoot growth was completed with setting of terminal buds, but trees were still at an 
early stage of crown needles yellowing. During that short period, twigs achieved their 
lignification and late-wood cells the thickening of their cell walls, benefiting then from a full 
allocation of carbohydrates resources (Renninger et al. 2006).  
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Differences in xylogenesis between ORL and PEY sites were noticeable for the timing of 
transition from early- to late-wood and for the end of late-wood formation, but not for the 
resumption of radial growth. At ORL, the transition-wood formation and the end of late-wood 
formation were produced at least one month before at PEY. Several factors –alone or in 
combination- could be advocated. Besides physiographic differences between sites and 
thereby related climates (differences of altitude of 350 m, 2° for latitude and soil conditions 
with stronger and longer soil water deficits at ORL), other factors such as the genetic origin 
(different taxa and populations) and age of trees might also be responsible for these 
differences. 
Rossi et al. (2008b) found an effect of age on the timing and duration of xylogenesis and 
they observed a delay of 2-3 weeks of cambial activity in younger trees (40-70 yr-old) 
compared to adult trees (200-350 yr-old) in the same environmental conditions. Though not 
so important, age differences between PEY and ORL trees could partly explain why young 
trees at PEY with lower crown had a growing season one month longer than older trees 
located at ORL. 
Although taxa did not differ in the timing of early- and transition-wood, noticeable 
differences were detected between pure species (JL and EL) and HL for the ending date of 
late-wood formation: the pure species finished their ring formation before HL. Consistently 
with a longer growing season, HL showed a moderately higher ring width than JL at PEY 
supported by a higher speed of tissue formation and finally a higher proportion of late-wood. 
In contrast, mean ring width in HL did not exceed that in EL at ORL. As proportions of early-
, transition- and late-wood were similar between HL and EL, then the slightly higher speed of 
tissue formation demonstrated by EL resulted in a wider annual ring. According to our 
knowledge, this is the first study comparing dynamics of wood formation based on a high 
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number of sampled trees and involving three different genetic entities of larch: European, 
Japanese and hybrid larches. 
Early-wood was consistently through sites wider both in absolute and in relative values 
than other tissues and on average its formation lasted also longer during the growing season. 
In any case, early-wood formed at a faster speed than other tissues: for example 3 and 5 times 
faster than late-wood, respectively at PEY and at ORL. Similarly to the less water stressful 
site of PEY, the irrigation treatment at ORL enhanced early-wood formation (wider and 
longer duration) at the expense of late-wood (less wide and shorter period of formation), even 
though late-wood remains larger in absolute value than in stressful conditions. As a 
consequence, better site conditions reduced also differences in speed of tissues formation 
(from 6 to 2 times when comparing early-wood over late-wood formation speeds in un-
irrigated vs irrigated trees). But overall on sites with less limiting conditions late-wood 
proportion remains higher. The longer duration of early-wood formation directly benefits to 
the enlargement of cells which, according to Dodd and Fox (1990), depends more on the 
duration than on the rate of cell expansion; it should probably also benefit to the production of 
a larger number of cells as well. For example, in Abies balsamea, Rossi et al. (2009b) 
observed a higher final number of cells in the irrigated treatment than in the non-irrigated one.  
Finally, the high variability observed among taxa and among individual trees for some 
parameters of radial growth (particularly in the transition zone: duration and speed of 
formation, density slope, etc) denotes a potential interest of these variables for a better 
understanding of the link between wood anatomical properties and tree adaptation to climatic 
factors as well as for selection for better wood properties. 
 
Search of ‘external’ marker predictors of xylogenesis 
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One of the main objectives of this study was to search for non-destructive, easily visible 
‘external’ signs of cambial activity, and thereby of wood formation. Indeed, the alternatives to 
study wood formation (microsampling (Rossi et al., 2006b) or pinning (Wolter, 1968)) are 
much more time-consuming and costly. More precisely tree breeders are used to handle 
hundreds of microdensity profiles for their genetic diversity studies of wood properties but 
they are more and more interested by exploring these profiles in search of clues for adaptive 
traits (Martinez-Meier et al., 2008, 2009, Sanchez-Vargas et al., 2007, Wimmer and Grabner, 
2000). Indeed density variation along the ring profile can be interpreted as a retroactive 
recorder of cambial response to environmental factors. Unfortunately, these profiles are static 
and one would like to date major cambial events. Synchronisation with some external markers 
would therefore be valuable.  
As shown above and in Fig. 6, we have been able to identify some ‘external’ traits 
synchronous to some wood formation parameters. Early-wood initiation started when the 
terminal bud was at stage 2-3 of bud break and when 30-60% of the crown was green; 
transition wood started and ended slightly before and after 90% of radial and apical growths 
were completed and terminal shoot lignification reached it maximum rate of extension. 
Finally, late-wood formation was completed a few days after terminal bud setting and first 
sign of crown needle yellowing. But these relationships were only valid on traits means. At 
the individual tree level, the links between wood formation traits and external traits remained 
at best moderate (0.4<r<0.6) but very often weak (r<0.4) especially for the easiest traits to 
assess like bud phenology.  
So at best, we could situate in time the major steps of formation of the three wood tissues 
but without enough precision for exploring wood formation dynamics of individual trees. A 
closer observation of bud phenology, apical growth, terminal shoot elongation, terminal shoot 
branching but also of needle elongation at a higher frequency than in this study (less than 
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every 7-10 days, especially during the period identified above) would probably improve 
relationships. Other climatic markers triggering resumption of primary and secondary 
meristems, like temperature thresholds (Rossi et al., 2008a) or heat-sums (Gauchat and 
Pâques, 2011) would probably be more practical but they impose to know individual tree 
variation around these thresholds and heat-sums if to be used by geneticists and breeders 
(Gauchat and Pâques, 2011). 
 
 
5 Conclusion 
The pinning technique combined with X-ray microdensity profiles and substitution of the 
traditional staining step used for “the pinning method” by surface polishing allowed us to 
efficiently reconstruct the dynamics of wood formation and it has permitted us to process a 
high number of wood samples, compatible with needs for genetic and adaptive studies. 
 
The dynamics of wood formation in European, Japanese and hybrid larches and 
relationships between ‘external’ phenological and primary growth events, and wood 
formation were established. We detected among them some potential predictors of initiation 
and ending of annual ring wood formation, which could allow situating these events along the 
growing season. However, they looked not precise enough to date the main steps of wood 
formation at the individual tree level.  
 
The genetic structure of the experimentation used in this study (progeny trials) will be 
exploited in another paper to estimate genetic parameters of phenology parameters of wood 
formation and their possible use in selection.  
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 Figure 1.- Wood sample preparation. a) View of inserted pins on a sampled tree at the 
end of 2006 growing season. b) Detail of pins. c and d) reduction process of wood 
samples by sawing. e) Machine used to polish wood samples. f-1) view of wood sample 
ready to polish. f-2) view of polished sample. 
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Figure 2.- Image from reflection microscope of 2006 annual ring with injury caused by 
the pin and its reaction. S1: limit between the last layer of late-wood cells belonging to 
2005-growing season and the first layer of early-wood cells of 2006-growing season, S2: 
limit placed where the radial rows of tracheids changed their direction because of the 
injury, S3: limit between the last layer of late-wood cells of 2006-growing season and the 
phloem cells. 
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Figure 3.- Example of ‘static’ and ‘dynamic microdensity profile’. a) ‘Static’ 
microdensity profile, MID: minimum ring density, MAD: maximum ring density, MDP: 
mean density point, MDPinf: lower limit of transition-wood, MDPup: upper limit of 
transition-wood. b) ‘Dynamic’ microdensity profile, Sew: starting date of early-wood, 
Stw: starting date of  transition-wood, Etw: ending date of transition-wood, Elw: ending 
date of late-wood. 
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Figure 4.- Timing parameters of 2006-ring formation for EL, JL and HL at PEY and 
ORL. 
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Figure 5.- Box-plot of dynamics of wood formation in non-irrigated (NI) and in irrigated 
(I) trees at ORL. Sew: starting date of early-wood, Stw: starting date of  transition-
wood, Etw: ending date of transition-wood, Elw: ending date of late-wood. Whiskers 
indicate minimum and maximum values. 
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Figure 6.- Box-plot of phenology of ‘external’ parameters and key dates of wood 
formation process at PEY. Terminal bud burst at different states (TBst1, TBst2, TBst3, 
TBst4, TBst5), Crown greening proportions (CG<30: 0-30% of crown height green, 
CG30-60: 30-60% green, and CG>60: more than 60% of tree crown green), apical and 
radial growth (T10rg, Tirg, T90rg and T10hg, Tihg, T90hg), terminal shoot lignification 
(T10lig, Tilig, T90lig), bud-set and crown yellowing at initial stages (CYst1, CYst2). 
Whiskers indicate minimum and maximum values. 
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Table I.- Material description. 
 
Site Coordinates Plantation 
year 
DBH mean 
(year 2006) 
(centimeters) 1) 
Total height mean 
(year 2006) 
(meters) 
Taxa 2) Number of 
sampled 
individuals 
PEY                 
(455 m a.s.l.) 
Lat N 45° 46’ 5’’ 2003 4.7 4.2 HL  88 
Long E 1° 45’ JL 6 
ORL                 
(106 m a.s.l.) 
Lat N 47° 49’ 1’ 1995 12.7 10.6 HL 10 
Long E 1° 54’ EL 25 
1)
 At Peyrat-le-château DBH was measured at 1 meter from ground.   
2)
 HL: Larix decidua x L.kaempferi, JL: L. kaempferi and EL: L. decidua ‘polonica’.   
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Table II.- Mean, standard error (SE) and coefficient of variation (CV%) of Weibull 
parameters for radial growth (rg), Global crown greening (CG30-60), Terminal bud 
flushing (TB) and Crown yellowing (CYstate1 and 2)  at Peyrat-le-Château and Orléans. 
Bud-set, shoot elongation (hg) and lignifications extension (lig) at Peyrat-le-Château. 
Julian day of 10 and 90 % (T10, T90)and maximal rate (Ti) of growth or lignification. 
variable code Unit Site Mean SE CV (%) 
CG30-60 Julian day ORL 107 0.59 3.04 
PEY 105 0.66 6.06 
TB Julian day ORL 108 1.70 8.59 
PEY 109 0.57 5.10 
CYstate1 Julian day 
ORL 298 1.51 2.78 
PEY 282 1.19 4.09 
CYstate2 Julian day 
ORL 305 1.53 2.75 
PEY 298 1.38 4.5 
Bud-set Julian day PEY 266 0.77 2.81 
T10rg Julian day ORL 119 0.62 2.88 
PEY 117 0.53 4.39 
Tirg Julian day ORL 160 1.38 4.72 
PEY 180 1.05 5.56 
T90rg Julian day ORL 184 2.34 6.97 
PEY 227 2.05 8.56 
T10hg Julian day PEY 145 0.56 3.74 
Tihg Julian day PEY 195 0.64 3.16 
T90hg Julian day PEY 225 1.00 4.33 
T10lig Julian day PEY 175 0.72 4.00 
Tilig Julian day PEY 225 0.60 2.60 
T90lig Julian day PEY 252 0.95 3.65 
:GG
Table III.- Comparison of 2006 annual ring components from 'static' microdensity 
profils at PEY and ORL. Mean, standard deviation (SE) and percentage of variation 
coefficient (CV%) of ring width (l), early transition and late-wood distance (ewd, twd 
and lwd) and their proportions (ewp,twp and lwp). 
 
Variable Unit Site Mean SE CV (%) 
l mm ORL 2.55 0.15 33 
PEY 7.10 0.20 27 
ewd mm ORL 1.83 0.11 34 
PEY 5.55 0.14 25 
ewp percentage ORL 71.76 1.06 8 
PEY 79.11 0.75 9 
twd mm ORL 0.39 0.04 59 
PEY 0.56 0.05 93 
twp percentage ORL 15.17 1.00 36 
PEY 7.46 0.63 84 
lwd mm ORL 0.33 0.03 52 
PEY 0.99 0.06 58 
lwp percentage ORL 13.07 1.03 43 
PEY 13.43 0.59 43 
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Table IV.- Initiation, ending, durations and speed of early-, transition- and late-wood formation 
during 2006 growing season in larch and the corresponding values at two studied sites (ORL and 
PEY). Mean, Standard error (SE) and coefficient of variation (CV%). 
 
Variable Unit Site Mean SE CV (%) 
Sew julian day 
 109 0.39 4.06 
ORL 107 0.74 3.79 
PEY 110 0.44 3.97 
Stw julian day 
 203 1.95 10.81 
ORL 171 2.08 6.69 
PEY 214 1.26 5.79 
Etw julian day 
 221 2.05 10.44 
ORL 192 3.01 8.59 
PEY 231 1.66 7.08 
Elw julian day 
 273 1.8 7.43 
ORL 250 2.62 5.74 
PEY 280 1.63 5.73 
Dew day 
 94 1.9 22.79 
ORL 63 2.13 18.43 
PEY 104 1.34 12.78 
Dtw day 
 18 1.09 68.64 
ORL 21 2.17 55.24 
PEY 17 1.25 73.05 
Dlw day 
 52 1.44 31.52 
ORL 58 3.15 29.9 
PEY 50 1.58 31.3 
Dtot day 
 164 1.73 11.9 
ORL 142 2.68 10.28 
PEY 171 1.61 9.3 
%Dew % 
 57.27 0.95 18.76 
ORL 44.6 1.41 17.29 
PEY 61.19 0.84 13.47 
%Dtw % 
 10.95 0.65 66.59 
ORL 15.01 1.47 53.63 
PEY 9.7 0.67 68.04 
%Dlw % 
 31.78 0.91 32.42 
ORL 40.39 1.97 26.76 
PEY 29.11 0.87 29.47 
SFew mm.day-1 
 0.0484 0.00149 34.72 
ORL 0.02916 0.00173 32.48 
PEY 0.05435 0.00141 25.5 
SFtw mm.day-1 
 0.03188 0.0016 56.55 
ORL 0.02193 0.00266 66.43 
PEY 0.03495 0.00182 51.33 
SFlw mm.day-1 
 0.0161 0.00083 58.18 
ORL 0.00558 0.00041 39.8 
PEY 0.01936 0.00084 42.72 
SLOPEtw g/cm3.day-1 
 0.03006 0.00215 80.66 
ORL 0.02208 0.00242 59.93 
PEY 0.03254 0.00267 80.92 
:G;
Table V.- Differences in timing of wood formation during 2006 growing season hybrid 
larch at two watering conditions (irrigated, IRR and non-irrigated, NON-IRR). General 
statistical parameters of Initiation, ending, proportional durations and speed formation 
of early, transition and late-wood and change of density from early to latewood per unit 
time (SLOPEtw). Numbers in italics indicate no significant differences among 
treatments, -level= 0.05. 
 
Variable Unit Irrigation  Mean SE CV (%) 
l mm NON-IRR 2.45 0.17 15.93 
IRR 4.18 0.84 44.69 
ewd mm NON-IRR 1.69 0.12 16.24 
IRR 2.22 0.49 49.57 
ewp % NON-IRR 68.79 2.27 7.37 
IRR 53.35 3.02 12.67 
twd mm NON-IRR 0.41 0.06 34.75 
IRR 0.95 0.27 64.27 
twp % NON-IRR 16.53 1.89 25.63 
IRR 22.16 2.62 26.49 
lwd mm NON-IRR 0.36 0.05 32.34 
IRR 1.01 0.24 53.28 
lwp % NON-IRR 14.68 2.32 35.4 
IRR 24.49 4.35 39.73 
Dew day NON-IRR 61 3 11.76 
IRR 73 3 9.69 
Dtw day NON-IRR 23 3 30.91 
IRR 25 6 55.41 
Dlw day NON-IRR 74 8 25.23 
IRR 62 11 38.69 
Dtot day NON-IRR 157 4 5.18 
IRR 160 6 7.91 
%Dew % NON-IRR 38.68 2.35 13.59 
IRR 46.17 3.46 16.76 
%Dtw % NON-IRR 14.53 2.22 34.17 
IRR 15.41 3.64 52.78 
%Dlw % NON-IRR 46.79 4.37 20.9 
IRR 38.41 5.98 34.82 
SFew mm.day-1 NON-IRR 0.02784 0.00161 12.96 
IRR 0.03083 0.00659 47.8 
SFtw mm.day-1 NON-IRR 0.01865 0.00245 29.35 
IRR 0.03974 0.00706 39.7 
SFlw mm.day-1 NON-IRR 0.00483 0.00057 26.42 
IRR 0.01551 0.00233 33.59 
SLOPEtw g/cm3.day-1 NON-IRR 0.01553 0.00121 17.46 
IRR 0.01817 0.00352 43.28 
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Table VI.- Based on PEY (A) and ORL (B), correlation coefficients between dates of 
start of early- and transition-wood (Sew, Stw), end of transition- and late-wood (Etw, 
Elw) and dates of 10%, 90% and maximum rate of radial growth (T10rg, T90rg, Tirg), 
annual shoot elongation (T10hg, T90hg, Tihg), lignifications extension (T10lig, T90lig, 
Tilig) from Weibull model and phenology of needles. 
 
A)         
  Sew Stw Etw Elw 
T10rg 
0.37 
(<0.001)    
T10hg 0.17 (0.112)    
CG30-60 0.24 (0.020)    
TB Flushing -0.04 (0.693)    
Tirg  0.44 (<0.001) 0.51 (<0.001)  
Tihg  -0.05 (0.630) 0.02 (0.813) 0.27 (0.008) 
T10lig  -0.14 (0.170) -0.04 (0.708) -0.10 (0.354) 
Tilig  -0.07 (0.524) 0.01 (0.960) 0.17 (0.108) 
T90rg 
  0.56 (<0.001) 0.81 (<0.001) 
T90hg   0.01 (0.905) 0.23 (0.023) 
T90lig   0.01(0.919) 0.22 (0.034) 
Bud-set   0.07 (0.475) 0.10 (0.354) 
CYstate 1   0.13 (0.229) -0.23 (0.028) 
CYstate 2     -0.09 (0.402) -0.21 (0.043) 
 
    
B)         
  
Sew Stw Etw Elw 
T10rg 0.42 (0.021)    
Crown 
Greening -0.02 (0.908)    
TB Flushing 0.04 (0.824)    
Tirg  0.61 (<0.001) 0.64 (<0.001)  
T90rg   0.66 (<0.001) 0.56 (0.001) 
CYstate 1    0.33 (0.079) 
CYstate 2       0.36 (0.051) 
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ABSTRACT 
The impact of soil water shortage on growth and wood properties -including heartwood 
extension -was studied on European and hybrid larches. A fertilised-irrigated treatment was 
used as the reference against which effects of soil water shortages along growing seasons 
were measured in non-irrigated (fertilised or not) plots. The heat-drought wave which 
occurred during the experimentation in August 2003 allowed focussing on the direct impact 
of an exceptional stress and its after-effects. 
 
After 6 years, larch growth was severely affected by these frequent soil water shortages: 
apical and radial growths were similarly impacted as well as earlywood and latewood ring 
widths. Trees flushed earlier; their form factor was higher. In addition, a severe reduction in 
heartwood and sapwood sizes was observed. But neither the proportion of heartwood nor the 
speed of heartwood formation were modified. As well, drought stress had no influence on ring 
wood density (and on its components) even if ring width characteristics were changed.  
 
The 2003-heat-drought had a strong impact on tree growth and lasting effects. Height growth 
was less affected than radial growth but after-effects were more pronounced on height than on 
radial growth. The ‘temperature’ stress observed in the irrigated plot as opposed to the 
‘global’ stress (including also drought) recorded in the non-irrigated plots had a similar severe 
impact (in relative values) on radial growth and earlywood width but it was much less 
harmful on height increment and latewood width. After-effects were less pronounced in 
irrigated vs non-irrigated plots for global radial growth and earlywood ring width, similar for 
height growth but more severe for latewood ring width. 
 
European larch and hybrid larch reacted differently to soil water deficits: overall the 
experiment, European larch appeared globally more sensitive than the hybrid. During the 
2003-heat-drought wave and after, European larch reacted similarly in both environments 
with a serious growth reduction. Hybrid larch had a more contrasted behaviour according to 
water regimes: irrigated trees had nearly no height growth reduction during 2003 compared to 
non-irrigated trees and showed also a positive recovery for radial growth whereas it remained 
negative for non-irrigated-trees.  
 
This paper stresses the need for a study of cambial activity rhythms in relation to climatic 
events in order to better understand the impact of climatic stress on wood formation and their 
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consequences on anatomical and physical wood properties and thereby on related adaptive 
traits. 
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1. Introduction 
 
European larch (Larix decidua Mill.) naturally occurs in medium to high mountainous ranges 
across Europe. Because of the high potential of that species both in terms of production and 
wood quality, larch forests have been extended well-beyond European larch native range, 
both northwards and westwards. Results from species and provenance trials revealed strong 
genetic variation in behaviour: on one side, the better survival and growth of Japanese larch 
(Larix kaempferi (Lamb.) Carr.) in strictly oceanic climates and, on the other side, the 
excellent behaviour of European larch ecotypes from Central Poland (polonica) and from the 
Sudetan Mountains (sudetica) over a broad range of ecological conditions (Schober, 1985).  
 
In France, these two ecotypes of European larch are used in reforestation outside the Alps 
either from seed directly imported from Central Europe or from local seed orchards. Besides 
their vigorous growth, both ecotypes are appreciated for their better resistance to canker 
(Pâques et al., 1999). In addition, original wood properties of some provenances are becoming 
highlighted like their high wood density and mechanical properties (Pâques and Rozenberg, 
1995) and several favourable properties of their heartwood: size (Pâques, 2001), extractives 
content (Gierlinger et al., 2002) and natural durability (Curnel et al., 2008). 
 
However, long-distance transfer of forest reproductive material from Central Europe with a 
more continental climate to French oceanic regions might be faced with adaptive problems 
not necessarily observed and observable during the life-time of a provenance test. As an 
example, the high susceptibility of polonica larch to Meria laricis Vuill. in western low 
Massif Central Mountains has been revealed only recently and highlighted by more frequent 
mild and humid springs. Even if Central Europe larch has shown a broad site plasticity 
(Giertych, 1979; Schober, 1985) and polonica larch in particular is considered by Kral (1966, 
1967) as one of the most drought resistant ecotypes of European larch, question of its 
adaptation to regions marked by a much more variable (temperature and rainfall) and drier 
climate is raised. 
 
In fact, while the mean annual rainfall in Central Poland is usually much lower than in the 
reforestation zones in France (600 vs >1000 mm), rainfall distribution over the growing 
season in Poland is much different with a peak of precipitations concentred in summer 
months. In French reforestation zones, summer droughts or soil water deficits are frequent 
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and because of climate change, even more frequent hot and dry summers are predicted with 
an increasing number of exceptional climatic events like the heat-drought wave of 2003 in 
Western Europe. Consequences on larch survival and growth are unknown. Part of the answer 
will come from long-term observations in a multi-site progeny trials network established 
across France and Poland in the mid-nineties. But some preliminary results could already be 
obtained from farm-test experimentations using contrasting water regimes. 
 
Experimentation through field irrigation and/or more rarely through drought stress treatments 
have been conducted on several conifers (e.g. loblolly and radiata pines, Douglas-fir) and 
have shown the high sensitivity of these species to soil water availability or reversely 
deficiency. Strong and coherent negative impacts have been reported for growth traits (e.g. 
Albaugh et al. 2004; Brix, 1972; Hsu and Walters 1975; Nicholls and Waring, 1977; 
Waterworth et al. 2007; Wielinga et al., 2008) but also for stem form (Wielinga et al., 2008). 
More controversial results are found for wood properties: according to traits (anatomical, 
physical and mechanical properties) and species, effects could be positive, negative or null 
(e.g. Albaugh et al., 2004; Brix, 1972; Nicholls and Waring, 1977; Hsu and Walters, 1975; 
Wielinga et al., 2008). That is particularly the case for earlywood/ latewood widths, specific 
gravity and heartwood/sapwood extension.  
 
The present study used different regimes of irrigation i) to study the possible impacts of 
annually and seasonally recurrent soil water shortages on growth traits, phenology, stem form, 
heartwood extension and wood density and, ii) to compare the behaviour of European larch 
versus European x Japanese hybrid larch. Finally, we took advantage of the exceptional heat-
drought wave which occurred in Europe during summer 2003 (Bréda et al., 2004; Levinson 
and Waple, 2004; Meehl and Tebaldi, 2004) to evaluate the direct but also indirect (after-
effects) impacts of such extreme events on growth of larch.  
 
 
2. Material and methods 
2.1. Material and treatments 
 
A progeny farm-field trial of larch was the basis for the experimentation. It was established at 
the INRA- nursery in Orléans (Long. 1°54’43”E, Lat. 47°49’31”N, Alt. 106 m) during spring 
1995. Twenty half-sib progenies of European larch (polonica, origin: Swinia Gora, PL), 
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coded ‘EL’, and one hybrid progeny (origin: hybridisation seed orchard FP201DK), coded 
‘HL’, were evaluated under a complete randomized block design (20 blocks, single tree 
plots). The test was planted with 2-yr-old seedlings at a 1.20 x 1.20m-spacing with one border 
line surrounding the trial. The site is characterised by a deep coarse sandy soil (over 65%) 
with gravels and a low percentage of organic matters (less than 1.2%). Its fertility is also low 
due to deficiencies in P, K, and Mg and in several oligo-nutrients. Due to high soil drainage, 
trees were irrigated during summer time from plantation up to 1999: it is classically practised 
in this nursery on young plants to prevent any potential drought damage. 
 
Five years after plantation, the stand density was reduced by thinning down to 1521 stems/ha: 
89 trees were left and further evaluated: they included 73 EL (7 progenies) and 16 HL (1 
progeny). The stand was then divided into 3 plots and 2 different treatments intending to 
speed up growth were applied. They included i) fertilisation and irrigation on 7 contiguous 
blocks, ii) fertilisation alone on 6 contiguous blocks. The remaining 7 blocks were reserved as 
control (no fertilisation and no irrigation). They were respectively coded ‘FI’, ‘F’ and ‘C’.  
 
Based on a soil chemical analysis, a fertilisation was carried out to correct deficiencies in 
some nutrients. Fertilisation was first applied in FI and F plots on June 6, 2000 with 
potassium sulphate (733 kg/ha), ammonium phosphate (283 kg/ha), and ammonium nitrate 
(95 kg/ha); a mixture of copper sulphate (136 gr), zinc sulphate (300 gr) and solubore boron 
(500 gr) was prepared in 55 litres of water and applied at the same time. A second fertilisation 
with ammonium nitrate (95 kg/ha) was applied one month later.  
 
For the FI treatment, drop-irrigation was applied daily and regularly during the vegetation 
periods of years 2000-2006, except during 2002 because of a mistake in field operational 
watering schedule. Irrigation was started when frost risks were considered low enough and 
when most trees were fully flushed, that is between mid-May to mid-June; it was stopped 
arbitrarily by the end of September each year. This explains why water supply varied from 
year to year. Table I summarizes climatic conditions and artificial watering of the plots during 
the study. Soil water deficits were a posteriori estimated using information from soil physical 
analysis and rainfall records. To calculate deficits of a given period of time (i.e. decades) or 
Dj (Eq. 1) we applied the model used by Meteo-France. This model requires daily potential 
evapotranspiration (ETP) calculated by Penman method and rainfall (RR) as input climatic 
data. Additional parameters include a coefficient of crop cover (Kc) directly related to the 
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type of vegetation covering the site and the maximal capacity of water retention by the 
cultivable soil profile (RU). The RU is divided into two types of reserve, superficial (Rsurf) 
and deep (Rprof). All these values (RU, Rsuf and Rprof) represent the theoretrical-maximal 
capacities but for a given decade the true water available for trees is summarized by the total 
soil water reserve (Rtot). The latter is the sum of Rsuf and Rprof for a given decade. Real 
evapotranspiration (ETR) is calculated in two steps. If there is enough water availability in 
Rsurf, we applied Eq 2: ETR is equal to the maximal evapotranspiration (ETM) and Dj for 
this decade does not exist. But, if the Rsurf was exhausted, we applied Eq. 3 to obtain ETR 
and the soil water deficit is calculated by Eq. 1. 
 
ETRETMDj −=
   Eq. 1 
 
If Rsurf > 0 
ETR=ETM  and  ETPKcETM ×=   Eq. 2 
  
If Rsurf < 0 
 ETM
RsurfRU
RtotETR ×
−
= )(   Eq. 3 
 
 
Decade-based and cumulated deficits over the growing season are presented in Figure 1 and 
in Table I. Supply of water in the ferti-irrigated plot aimed to compensate soil water deficits. 
It proved to be efficient during most of the year excepted at the start of 2000 and 2001 
growing seasons (Figure 1), because of a late start of irrigation. 
 
2.2. Measurements 
 
Since plantation, total height and girth at breast height of trees have been regularly measured 
before the trees were finally felled in March 2007. Girths were then recorded every meter 
from the stump and annual shoot increments were delimited (if needed with the help of 
available total height data) and measured. Oriented disks samples (3-4 cm thick) were 
collected every meter from stump to top for heartwood extension determination. An 
additional disk at 1.30 m was collected for microdensitometry analysis.  
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Heartwood sizes along the stem were studied from disk analysis: a picture of each disk was 
first obtained and analysed with Image-J software. Heartwood was distinguished from 
sapwood on the basis of colour differentiation. From each disk, the total area (under bark) and 
heartwood area were measured. The total tree volume and heartwood volume were obtained 
by summing up the volumes of each 1 m-long log using Smalian’s formula, plus the volume 
of the last log of the tree till the tip considered as a cone. The sapwood volume was calculated 
as the difference between total tree and heartwood volumes, and relative proportions of 
heartwood extension were expressed in percentage of total BH area, of total tree height and of 
total tree volume. 
 
Combining these heartwood data with measurements already obtained from diametrical 
increment cores collected at breast height on the same trees in December 2004, the speed of 
heartwood extension was computed as the mean length and number of rings of heartwood 
formed during the 2004-2006 period.  
 
Finally, after preparation of a 2mm-thick board from each tree and their X-ray process, 
microdensitometry analysis allowed the determination of classical wood parameters. They 
included: ring width (RW), early (EW) and latewood (LW) widths, latewood proportion 
(LWP), overall density (D), density of EW (EWD) and LW (LWD) and density contrast 
(maximum minus minimum ring densities)  for rings of years 2000 to 2006.  
 
Additional traits included bud flushing, observed in April 29, 2005 with a subjective scoring 
system (0= dormant to 5 = start of elongation, more details in Gauchat and Pâques, 2011) and 
a stem form factor calculated as the ratio of the total volume of the tree on the corresponding 
cylinder volume.  
 
2.3. Data analysis 
 
After validation of hypothesis, an analysis of variance was performed on individual tree data 
to test for treatments effects. The following model was used: 
 
Yijk = µ + Ti + B/Tij + εijk  
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Where  Yijk is the observation of tree k in block j nested in treatment i, 
  Ti is the effect of treatment i, (fixed) 
  B/Tij is the block j nested in treatment i effect, (fixed) 
  εijk is the residual effect. 
 
A separate analysis of variance was performed on data prior to year 2000 and after 2000 to 
test for the absence of differences among plots before the start of the experiment. The absence 
of autocorrelation effects between growth performances before and after the start of the 
experiment was confirmed by an analysis of covariance using 1999-data as covariates (results 
not shown).  
 
For variables expressed as proportions (heartwood and latewood), transformed data using an 
arcsine transformation were also used, but similar ANOVA results were found. As well, for 
heartwood extension (expressed in number of rings), differences among treatments were 
tested using a chi-square test: the same results as those from the ANOVA were also found. 
 
Due to large differences in numbers of individuals per taxa and heterogeneity of variances, it 
was not advisable to directly integrate the taxa effect into this analysis but the analysis used 
the whole set of data. When significant differences among treatments were observed, 
treatment means were compared using the Bonferroni test.  
 
A second set of analysis was performed for each species separately on data adjusted to any 
significant block effects in order to compare treatments and derive trends of taxa reaction to 
treatments.  
 
Despite drought stress on plants were not specifically measured, we assumed the growth 
reduction of non-irrigated trees compared to ferti-irrigated ones to be a direct consequence of 
soil water deficits experienced along this study. We quantified this stress by computing the 
differences between performances of the well-watered trees from the FI-treatment minus 
those of non-irrigated-trees for both HL and EL. 
 
To evaluate the direct effects of the 2003 year-heat-drought wave and their after-effects on 
growth increments, 2003-results were compared to the average results over 2 previous years 
(2000-2001). We focused only on ‘typical’ (average) years prior 2003 to avoid 2002 watering 
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abnormalities. Tree recovery was considered by comparing performances during 2004, 2005 
and 2006 with those of 2003. 
 
3. Results 
3.1. Soil water deficits during the growing seasons 
 
Each year during the experimentation, trees were submitted to soil water deficits, roughly 
extending from the last decade of May up to the last decade of September (Figure 1 A). 
However, their occurrence along the growing season, their duration and intensity were highly 
variable among years. During 2000, 2001 and 2002, cumulated water shortages were low 
compared to those of 2003 and 2006; 2004 and 2005 were intermediate (Table I, Figure 1 A). 
In 2001 and 2004, water depletion occurred early in the season (2nd and 3rd decades of June) 
but more lately in 2002 and 2003 (1st and 2nd decades of August). Years 2003 and 2006 were 
also characterized by long, non-discontinuous periods of deficits (over 8 decades), coupled 
also to extreme temperatures in 2003 but delayed compared with 2006.  
 
Supply of water in the FI-plot proved to be efficient to prevent water deficits during most of 
the year excepted at the start of 2000 and 2001 growing seasons (Figure 1 B), because of a 
later start of irrigation. Problems with watering during 2002 were previously mentioned. 
 
3.2. Growth, stem form and bud flushing 
 
Growth traits were not significantly different among the 3 plots before the application of the 
treatments in 2000 (Table II, Figure 2 A, B and C). Afterwards, trees from the FI-treatment 
had a significantly higher mean BH girth, total height and stem volume. While the F-
treatment produced slightly more vigorous trees, the difference with the C-treatment was 
never significant.  
 
At the end of the experimentation, FI-trees showed superiority over control trees of 30.2% 
and 27.5% respectively for BH girth and total height, and of over 75% for stem volume. More 
precisely, if one considers only the period of application of the treatments, these figures 
reached 40.9% and 57.1% respectively for girth and height. 
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The FI-treatment boosted height and ring annual increments much more than the F-treatment 
alone and nearly all along the experiment (Figure 2 B and C). However, both height and ring 
growth in the FI-plot dropped down to the level of that observed in F-and C-plots as a 
consequence of the absence of irrigation in 2002. 
 
The stem shape also differed among treatments (Table II). FI-stems had a smaller form factor 
(0.54 - closer to a 2nd degree paraboloid) than that of the control trees (0.61 – more like a 3rd 
degree paraboloid). Irrigation had also an influence on bud flushing as FI-trees flushed 
significantly later than trees from the other two treatments. F- and C-treatments did not differ 
significantly among themselves for bud flushing. 
 
3.3. Heartwood size and extension 
 
Total heartwood but also sapwood volumes were significantly larger for FI-trees than for 
other trees (Table II): heartwood volume of FI-trees reached on average 31.7 dm3 out of a 
total volume of around 80.8 dm3 compared to less than 20.0 dm3 for trees from the other 
treatments. FI-trees produced nearly 66% more heartwood in absolute value than other trees. 
Fertilisation alone had no effect. But, the proportion of total heartwood volume did not differ 
among the 3 treatments: it represented about 40% of total tree volume.  
 
The radial extension of heartwood at breast height appeared larger in absolute value in FI-
trees than in other trees while the proportion of heartwood over the total BH area was higher 
in control trees than in FI-trees. But in fact, the differences among treatments were not 
statistically significant (p>0.05). The vertical distribution of heartwood along the stem 
differed significantly among treatments. In absolute value, heartwood reached a higher height 
along the stem in FI- and F-trees than in C-trees. In relative value, it developed up to between 
67 and 74% of total height but these proportions did not differ significantly among treatments.  
 
At the end of the experimentation, trees had similar numbers of heartwood rings overall 
treatments with an average of 10.7 rings out of 14. Speed of heartwood extension along the 
radius did not seem to be influenced by the treatments during the period of observation. 
Indeed, no significant difference among treatments was observed neither for the number of 
heartwood rings formed during 2004-2006 (on average 1.4 ring per year) nor for the 
heartwood radius extension (on average 7 mm/yr). 
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3.4. Ring width and wood density 
 
The mean annual ring width of FI-trees over the treatment period was significantly larger than 
that of F-trees, which was superior to that of C-trees (Table II). The same ranking was 
observed for EW and LW widths. The ring width components of FI-trees were on average 1.5 
times larger than in control trees and these differences were significant. Fertilisation alone 
significantly improved EW width (1.4 times larger than in C-trees) but not LW width. Finally, 
the latewood proportion was similar for FI- and C- trees (over 26%) and significantly larger 
than for fertilised trees.  
 
No treatment had a significant impact on wood density (Table II). Overall ring density but 
also EW and LW densities were not significantly different among treatments. On average, 
these parameters reached 455, 372 and 708 kg/m3 respectively. In the same way, the within 
ring density contrast did not differ among treatments. 
 
3.5. Effects of soil water deficits effects on EL and HL 
 
Soil water deficits affected both taxa mostly in the same direction but globally less intensively 
hybrid larch than European larch (Figure 3 A, B and C). In fact, excepted for growth traits, 
differences between FI- and C- trees were not significant for HL whereas they were for many 
more traits for EL (Table III).  
 
While the non-irrigated treatment affected both taxa by about the same intensity for total 
height (-36%), its impact on BH girth and above all on stem volume was more severe for EL 
(-29 and -55.2% respectively) than for HL (-20.2 and -18.9%) (Figure 3 A). Even more 
contrasted were the differential impacts on ring growth components (-40% vs -22% or less) 
and heartwood volume (-61.6% vs -2%) of EL and HL respectively. In HL, the mean annual 
LW width was more affected by the water deficits stress than EW width (-23% vs -6%); as 
well, sapwood volume was more reduced than heartwood volume (-30.4% vs -2%). By 
contrast, the impact of the non-irrigated treatment on EL was similarly as severe on EW as on 
LW widths and on heartwood as on sapwood volumes (Figure 3 B and C).  
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3.6. Impact of the year 2003-heat and drought stress on growth 
 
Symptoms of the stress created by the year 2003-heat and drought wave were already visible 
on trees by mid-August 2003 with overall crowns of non-irrigated trees turning yellow-
brown. The impact was strong on both height and radial growth (Table IV B, Figure 4) but it 
was much stronger on radial growth compared to height growth. Compared to increments of 
preceding years (2000-2001), the 2003-shoot length was reduced on average over treatments 
by 27% whereas 2003-ring width was reduced by as much as 51%. Both EW and LW ring 
widths were seriously affected by 2003-climatic conditions (Table IV B) with an overall mean 
reduction of 49% and 56% respectively. 
 
Following 2003, trees reacted differently for height and radial growth: whereas height 
increments remained smaller than in 2003 up to 3 years after the 2003-stress, radial growth 
increased in 2004 by nearly 54% over that of 2003, but it had not yet recovered its level prior 
to 2003 at the end of the experiment (Table IV A and B, Figure 5 A). As well, both EW and 
LW widths increased but notably more LW (+139% in 2004) than EW (+38%) (Table IV B, 
Figure 5 B). 
 
In general, for both apical and radial increments, FI-trees had maintained during and after the 
2003-heat-drought wave a significantly superior growth over non-irrigated trees (Figure 2 B 
and C). It should also be noted the strong effect of the lack of irrigation in FI-treatment during 
2002: both height increment (Figure 2 B) and ring width (Figure 2 C) dropped down to levels 
lower than for C-trees.  
 
The relative impact of 2003-year on 2003-growth was overall similar for the FI and non-
irrigated treatments for radial growth but not for apical growth (Figure 4): for this trait, the 
impact was more than twice larger for non-irrigated trees compared to FI-trees (-38% and -
17% respectively). Differences among treatments were also observed for ring width 
components: while the same relative impact was noticed for EW width, LW width of the non-
irrigated treatment was significantly more reduced (-73%) than that of the FI-treatment (-
39%). As a consequence, latewood proportion increased in FI-trees whereas it decreased in 
non-irrigated trees. Post-2003 growth was also different among treatments: FI-trees recovered 
more slowly than non-irrigated trees for height increment and for LW width but the opposite 
was observed for radial growth and EW width (Figure 5 A and B).  
::D
 
Some major differences of reaction to the 2003-heat and drought wave were also noted among 
taxa. Whereas EL and HL relative loss of radial growth was similar among treatments, the 
importance of height increment decrease was dependant on both taxa and treatments. For EL, 
height increment reduction was moderate and similar across treatments (around 26%) while 
for HL, it was very strong for the control treatment (49%) but growth was not significantly 
affected in the FI-treatment (Figure 4). For ring components, the impact on irrigated and non-
irrigated trees was similar among taxa excepted that LW width showed a relatively stronger 
decrease for HL compared to EL in the FI-treatment.  
 
Post-2003 effects on height increments were strong and negative and of similar intensity over 
treatments for both taxa but they were quite different on radial growth (Figure 5 A). Ring 
widths kept on decreasing for HL in the non-irrigated treatments while they increased in the 
FI-treatment, but still less rapidly than in the irrigated EL. This decrease corresponded to a 
slower recovery of EW width in the non-irrigated trees (Figure 5 B). Neither for EL or HL, 
annual growth increments after 2003 reached the level of those prior to 2003.  
 
 
4. DISCUSSION 
4.1. Treatment effects on growth 
 
In this experimentation, fertilisation and irrigation were used to boost growth of trees by 
correctionof soil nutrient deficiencies and prevention of soil water deficits . Fertilisation 
effectively corrected most nutrient deficiencies as confirmed by foliar analysis (not shown) 
and irrigation prevented most soil water deficits along the growing seasons. 
 
The combined fertilisation-irrigation treatment has been the most favourable treatment: 
growth was vigorous and it even exceeded the best yield class found in Western Europe for 
European larch (yield class 12 according to Hamilton and Christie (1971) and to Pauwels and 
Marenne (1999)). Such a positive synergy of fertilisation and irrigation treatments has been 
described by several authors (Albaugh et al. 2004; Brix, 1972; Waterworth et al., 2007).  
 
Fertilisation alone did not really boost growth as expected. With the exception of average ring 
width, growth parameters never significantly differed between fertilised (F-trees) and non-
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fertilised trees (C-trees). When applied only once at the start of such experiments, fertilisation 
alone proved to have no or only a limited impact on growth at the opposite of an on-going 
fertilisation along the experimentation (Albaugh et al., 2004; Waterworth et al., 2007). 
However as shown by Ewers et al. (1999), fertilisation could benefit to trees by other ways 
than the increase of fertility itself. In a study with loblolly pine, fertilisation not only 
improved soil fertility but also the water use efficiency of trees: it could thereby limit the 
impact of soil water shortage on tree growth. The low response of larch trees to fertilisation in 
our study and their low vigour -comparable to that of C-trees- let us hypothesise that water-
use efficiency of F-trees was not improved. We suspect too that compared to other conifers, 
soil water shortages are more stressful to larches and predominant over soil fertility problems. 
Fertility is indeed usually not recognised as a major limiting factor for larch compared to soil 
physical properties and to water availability (Masson, 2005). 
 
If fertilisation alone did not prove efficient in enhancing growth, this study does not 
unfortunately allow confirming that irrigation alone would be more efficient (no single 
irrigation treatment available). But irrigation and its interaction with fertilisation had a strong 
effect on growth. Considering that in the FI-treatment, water was not a limiting factor, we 
used for the rest of the discussion the FI-treatment as the new control against which the 
impact of more stressful conditions (i.e. F- and C-treatments) was evaluated for growth but 
also for heartwood development and wood density parameters. More stressful growth 
conditions due particularly to repeated soil water depletion within and over years are indeed 
more and more frequently expected in a context of climatic change. 
 
4.2. Impact of soil water shortages on growth 
 
Frequent soil water deficits as experienced along this study severely reduced larch vigour: 
apical as well as radial growth traits were similarly concerned by this decrease and led to an 
overall drop of individual mean tree volume of more than 40%. Mean annual ring width 
decreased as a result of an equal drop in size of its components: mean annual earlywood width 
was as severely affected as latewood width, so that latewood proportion was only slightly 
reduced in trees from the non-irrigated C-treatment. Such behaviour is not common in 
conifers. Nicholls and Waring (1977) observed in radiata pine that drought stress reduced 
earlywood size and increased latewood proportion. Similarly in several experimentation with 
irrigation (e.g. Kostiainen et al. (2004) with Norway spruce, Hsu and Walters (1975) with 
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loblolly pine, Brix (1972) on Douglas fir), fertilisation-irrigation treatments compared to 
control usually increased earlywood width and decrease latewood proportion or said in 
another way, less favourable environments reduced earlywood size and increased the 
latewood proportion. 
 
One of the main consequences of irrigation and fertilisation could be either to delay transition 
to latewood formation or to maintain a longer period of active radial growth or both. For 
example, Brix (1972) observed such a transition delay to latewood of 15-30 days on Douglas 
fir. Haasemann (1986) showed in an experience with different soil moisture regimes that the 
‘wet’ regimes delayed the end of the vegetation period of larch by up to 7 days compared to 
the ‘dry’ regime. Larch which can probably be seen as an opportunistic species might take 
benefit of both advantages: an extended period for earlywood development and a longer 
period of active growth. In addition to a postponed transition to latewood as seen by Brix 
(1972), the extension of the period of earlywood formation could also be explained by a 
growth activity starting earlier in ferti-irrigated trees, as suggested in this study by bud flush 
results. Following this reasoning, the observation of a similar earlywood width in fertilized 
trees compared to ferti-irrigated trees but of a smaller latewood width similar to that of 
controls let us assume that fertilized trees benefited from an extended period for earlywood 
development as ferti-irrigated ones but suffered from a reduced period of active growth in 
absence of irrigation. A closer look at cambial activity over the growing season and ring 
formation dynamics is needed to better understand timing and extension of early vs latewood 
in relation to stress.  
 
4.3. Impact of soil water shortages on wood density traits 
 
At the opposite of growth traits, wood density parameters were not significantly modified 
under the contrasted water conditions. Overall ring density remained similar among 
treatments even while ring width was significantly changed. It is in contrast too with several 
published studies where the combined treatment of fertilisation and irrigation enhanced 
growth and thereby induced a wood density decrease (e.g. Albaugh et al., 2004 with loblolly 
pine but mostly because of fertilisation; Kostiainen et al., 2004 with Norway spruce). Overall 
wood density decrease could be attributed either to a reduction in the density of its 
components (EW-LW) or to a change in latewood proportion or to both as observed in the 
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studies mentioned above but not in our study: neither earlywood or latewood densities nor 
latewood proportion were simultaneously modified by treatments.  
 
More in agreement with our results, Wielinga et al. (2008) observed no significant decrease in 
the overall density for ferti-irrigated radiata pines. They supported this result by Beets 
(1997)’s findings, who noticed that irrigation would have a positive effect on ring density but 
it could be offset by the negative effect of fertilisation. But our study did not fully confirm 
this finding: indeed, fertilisation alone did not affect negatively wood density. Nicholls and 
Waring (1977) even found that irrigation and partial droughting treatments could produce a 
slight increase in wood density of radiata pine, due either to an increase in maximum density 
in the case of irrigation or to an increase in the minimum density and in latewood ratio in the 
case of partial droughting.  
 
Finally, the apparent absence of link between vigour and density (i.e. the slow growing trees 
from the non-irrigated treatment do not produce a more dense wood than the more vigorous 
trees from the ferti-irrigated treatment) may seem in opposition with results from genetic 
trials of larch where a negative correlation is often found between diameter and density 
(Jacques, 2003, Pâques and Jacques, 2002). But, these results are usually obtained for a given 
population in a given site and are coherent with what was observed in this study within a 
given treatment (not shown). But when such studies are conducted over sites with different 
growth potential, site effect (and thus the growth rate effect) on wood density is not 
significant (Jacques, 2003).  
 
4.4. Impact of soil water shortages on heartwood size 
 
Overall size of heartwood was vertically (and radially) seriously affected in the non-irrigated 
plots with a resulting reduction of over 39% in absolute volume. In fact, its decrease rate 
paralleled that of total volume. This is to be connected to the good link found in other studies 
on larch between heartwood content and growth (Pâques, 2001). The sapwood volume 
decreased also in a similar proportion and this explains why finally the heartwood proportions 
(over BH area, total height and volume) did not differ significantly among treatments. 
 
Impact of irrigation, or reversely of water stress, on heartwood extension is not well 
documented. Hillis (1987) concluded that studies on the ‘effects of the level of humidity and 
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availability of water’ have yielded contradictory results. Clearer was the positive relationship 
between sapwood width and rate of growth: the more rapidly growing trees require a greater 
uptake of water and hence larger volumes of sapwood to provide the crown with moisture. 
That is compatible with our results at least for radial dimensions where the sapwood 
proportion remained indeed smaller in the less vigorous and more stressed trees. 
 
In an irrigation experimentation conducted over two years with Douglas fir, Polge (1982) 
showed that drought-stressed trees had about the same rate of growth than irrigated trees, but 
they had a significantly lower number of sapwood rings with a slight (but not significant) 
decrease in sapwood width. Examination of heartwood extension in our study 5-6 years after 
application of treatments showed a slight increase in the number of heartwood rings newly 
formed (or reversely decrease of sapwood rings) in the C treatment compared to the 
FItreatment but differences were not significant. They were not statistically different too for 
radial extension.  
 
4.5. Impact of the 2003-heat-drought wave on growth traits 
 
A direct evaluation of 2003-stress impact on growth was not straightforward because of 
questionable reference years with which to compare 2003-growth. Indeed an apparently 
declining trend was observed for both apical and radial growth, which if not considered could 
bias the impact of 2003-stress. Although shortening of annual increments is normal with 
ageing (Hamilton and Christie, 1971; Pauwels and Marenne, 1999), this decline could look 
particularly rapid on this atypical site for larch. But this would be to forget the history of the 
management of the experimentation, the short span of years for observations and the naturally 
high inter-annual variation in growth of larch in oceanic conditions (Pâques, personal 
communication). The thinning of the stand in winter 1999 and the start of irrigation in 2000 
enhanced height growth in 2000 of FI-trees because of irrigation and radial growth of all trees 
in irrigated and non-irrigated plots because of release of competition. Benefits of the latter 
were probably gradually attenuated by yearly recurrent drought stress in non-irrigated plots 
during 2001 and 2002 until the climatic event of 2003. In FI-trees, growth increments 
fluctuated over years with similar amplitude from the beginning of the plantation until 2002 
when increments dropped due to a lack of irrigation. In these conditions, averages of 2000-
2001 annual increments looked as reliable enough references to measure 2003-stress impact. 
The 2003-climatic event allowed us to evaluate the impact of the hot temperature stress more 
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or less independently from the more global stress including also water stress, and on the other 
side, it permitted to study the recovery of tree growth up to three years after that event.  
 
While FI- trees had and kept both an apical and radial growth superior over non-irrigated trees 
before and at the end of 2003 (Figure 2 B and C), they suffered too from 2003-climatic 
events. If the water supply can be supposed to be not limiting in this treatment, the heat shock 
(together with a low atmospheric humidity) could then be considered as the main deleterious 
factor. Impact was more severe on radial growth (-57%) than on shoot growth (-17%). Waring 
(1987) ranked stem growth at a lower rank of importance among growth processes behind 
foliage growth, root growth and bud growth, and Dobbertin (2005) noted that under stress, 
with the alteration of photosynthesis and of carbon allocation, less important processes 
including stem growth are reduced first. More precisely, Dreyer et al. (2004) found on poplar 
that among stem growth components, cambial activity was first affected by drought stress 
before height growth, stomata conductance, new foliage production and photosynthesis. 
 
One might have expected that growth reductions in irrigated trees would be -in relative 
values- smaller than those observed in non-irrigated treatments. But this was only true for 
latewood width (and thereby for latewood percentage): a reduction was observed in irrigated 
trees (-39%) but it represented only about half the level observed in trees submitted to the 
‘global’ heat-drought stress (-73% for non-irrigated trees). The greater impact of the heat-
drought event of 2003 on latewood vs earlywood increments was already noticed by 
Vennetier et al. (2004) and Rozenberg and Pâques (2004) for several conifers. In fact, the 
impact of the 2003-stress observed on FI-trees was probably exaggerated by the lack of 
irrigation in 2002; it suddenly placed FI-trees in the same water regime conditions than non-
irrigated trees. But the drop of both apical and radial growth was more severe on FI-trees than 
on non-irrigated trees, suggesting that larches not used to some water constraints are more 
susceptible to drought stress than trees regularly faced to soil water deficits. As a result, the 
growth of these weakened trees might have been reduced in 2003, inflating the impact of 
2003-stress.  
 
A delayed start of growth (later flushing) probably coupled with a higher growth speed 
afterwards might also explain why irrigated trees were not advantaged over non-irrigated trees 
(in relative value) for shoot elongation and earlywood radial growth but well for latewood 
growth. Indeed the peak of the 2003-heat-drought wave occurred in mid-August, at a period 
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critical for latewood formation but without any more influence on earlywood formation and 
with a low impact on shoot elongation. According to Rossi et al. (2009), earlywood in 
European larch is in fact completely formed by the end of June in coincidence with results 
presented by Antonova and Stasova (2002) for Larix sibirica Ldb. and the maximum rate of 
shoot elongation occurs before mid-August (Pâques, 2009, Marin, 1994).  
 
Non-irrigated trees heavily suffered from this combined hot temperature-drought stress: for 
the first time during the whole experimentation, their crown foliage was completely damaged 
by mid-August; their radial growth nearly stopped while it continued somehow with latewood 
development in irrigated and still green-foliated trees. 
 
Obviously, the heat-drought stress had a lasting effect on tree growth and was more acute on 
apical than on radial growth: up to 3 years later, height growth kept on decreasing whereas 
radial growth restarted but without recovering its level prior to 2003. If according to Bréda 
and Badeau (2008), trees more vigorous prior to the stress are supposed to recover more 
rapidly, we were expecting that after-effects in irrigated trees would be less pronounced than 
in non-irrigated trees which were still submitted to some soil water depletion. This was in fact 
confirmed for global radial growth (+50-65% increase vs +28-43% for irrigated vs non-
irrigated trees) and for EW width (+42-62% vs +14-26%) but neither for height growth (same 
level of decrease) nor for LW width (+64-132% increase vs +104-203%). Three years after 
the 2003 stress, non-irrigated but also irrigated trees had not yet fully recovered.  
 
4.6. Taxa behaviour 
 
For statistical reasons, it was not recommended to directly compare European versus hybrid 
larch reaction to irrigation. Nevertheless, this study could reasonably reveal some major 
trends in species response, besides the general superior vigour -including heartwood 
extension- of hybrids compared to European larches. This aspect is well-documented (Pâques, 
1989). 
 
At the end of the experimentation, the relative impact of non-irrigated treatments appeared to 
be much more severe on EL than on HL for a majority of traits among those showing a 
significant effect of treatments. They included BH girth increment, global stem volume, 
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heartwood and sapwood volumes, and ring width and its components but not total height 
increment. 
 
Focussing now on 2003-climatic event we saw that taxa responded quite differently to the two 
types of stress (‘heat stress’ in irrigated plots and ‘heat-and-drought stress’ in non-irrigated 
plots). Direction and intensity of effects and after-effects were quite uniform for EL under the 
two types of stress while HL appeared to be much more sensitive to the type of stress. Its 
height growth was very much affected by the combined ‘heat-and-drought’ stress as seen 
through impacts in the non-irrigated treatments but not by the ‘heat’ stress alone observable in 
the irrigated treatment. As well, recovery of radial growth by HL was very much different 
according to treatments: it remained still negative in 2004, 2005 and 2006 for ring width and 
EW width in non-irrigated plots whereas recovery was observed in irrigated ones. 
 
The differential impact of 2003-stress on taxa may be partly explained by the different 
phenology and growth rhythm observed between EL and HL. In a previous study in the same 
site (Pâques, 2009), we observed that apical growth started on average earlier in EL than in 
HL and that the maximum growth rate increment occurred 17-26 days earlier in EL than in 
HL, well before the peak of temperatures and water deficit. Most probably when climatic 
conditions became worst, HL had not yet or just reached its maximum rate of height 
increment whereas EL did already 2-3 weeks before. Unfortunately, we do not have the same 
information for radial growth. But we can suspect that EW could still be formed nearly 
normally in HL but that for both species, climatic conditions were too harsh for formation of 
LW. 
 
Very few results are in fact available on the behaviour of the different larch species and 
ecotypes towards environmental conditions, and more particularly about their response to 
drought stress. Kral (1966) used amplitudes of osmotic pressures in needles to characterise 
drought resistance of several larch species and provenances. In accordance with ecological 
observations, Kral (1966, 1967) concluded that European larch populations from Interior Alps 
and polonica larch (as in our study) were more drought resistant than populations from 
Sudetan Mountains and Eastern Alps and than Japanese larch. But nothing is said about 
hybrid larch (European x Japanese). Knowing by experience the large range of possible 
responses of the hybrids relatively to their parents (similar to one parent, intermediate, or 
well-beyond them due to heterotic effects) (Pâques et al. 2006, Pâques, 2009), it would be 
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hazardous to conclude that HL is intermediate for drought resistance or less drought resistant 
than EL.  
 
In nursery experimentation with different soil moisture regimes, Haasemann (1986) observed 
as in our study that HL was in absolute value superior to European and Japanese larches 
whatever the soil moisture. But he noticed that species expressed more optimally their height 
growth (2yr old) relative to other species in different soil moisture regimes: i.e. under the dry 
regime for EL, under the wet regime for JL and under the intermediate one for HL. From data 
reconstruction, it seemed too that the height decrease observed from the moist to the dry 
treatments was in relative value less severe for EL than for HL while we observed no 
difference in our study on much older trees.  
 
 
4.7. Impact on larch forest management 
 
The water regime used in this study in the irrigated treatment corresponded to some extent to 
that of the currently most suitable planting sites of larch in France; in particular in the West 
Massif Central range over 400 m. In contrast, the water regime in the non-irrigated plots 
mimic -but with some excess- what can be observed in lower land regions or what is expected 
on higher altitude sites in a context of climate change with more frequent and intense episodes 
of soil water shortages during summer. 
 
In no case -even during the 2003-event with extreme drought and heat-, the vitality of larches 
was affected even in the non-irrigated plots. Whereas the foliage of trees was severely 
damaged in these plots, no additional top-dieback and increase of mortality were noticed. At 
the opposite, the impact on growth was severe and foresters may expect major drops in total 
tree volume (up to 40%) but also in total volume of heartwood, the most valuable part of larch 
timber.  
 
Clearly even if some variability exists among ecotypes (Kral, 1966, 1967), European larches 
have considerable demands on water due to an intensive transpiration (Olaczek, 1986). Polster 
(1967) estimated that the daily transpiration rate in larch was 1.7-1.9 times higher than that of 
some Pinus species including Scots pine. Precipitation in May-July seems to be particularly 
critical in ring formation (Oleksyn and Fritts, 1991). Unless some water compensations from 
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the soil, the lack of precipitation during that period seriously depresses growth as observed in 
our study.  
 
In any case, the proper choice of the larch species or taxa is critical to optimise reforestation 
success and yield. Because of its sensitivity to summer droughts, Japanese larch has already 
been removed from the French list of recommended Forest Reproductive Materials for 
reforestation (Anonymous, 2003). Over years -with their annual soil water shortages episodes 
during summer-, the hybrid between European and Japanese larches showed an overall better 
growth behaviour with a less pronounced tree volume depression than European larch. 
Nevertheless, the heat-drought wave of 2003 impacted more the growth of non-irrigated 
hybrid larches than that of European larches, but also their further recovery. The heat-drought 
wave of 2003 was an exceptional climatic event. Be it more frequent, it is not sure that hybrid 
larch could maintain over years its overall superiority.  
 
Interestingly, soil water shortages do not seem to affect either wood density properties or 
tissue proportions (early vs latewood, sapwood vs heartwood) in larch even when radial 
growth is drastically reduced. Reversely, this means too that enhanced growth conditions (due 
for example to ferti-irrigation) do not degrade wood density in larch; this is seldom the case in 
conifers (Rozenberg et al., 2001).  
 
In order to better understand the impact of climatic stresses on wood formation and their 
consequences on anatomical and physical wood properties and thereby on related adaptive 
traits, a study of cambial activity rhythms in relation to climatic events is definitely needed. 
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Figure 1. Cumulated soil water deficits (mm) estimated over decades in the non-
irrigated (left) and irrigated (right) plots (for years 2000 to 2006).  
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Figure 2. Total height and radial growth curves from start to the end of experiment. A) 
Total height, B) Annual height increment and C) Annual ring width 
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Figure 3. Impact of the absence of irrigation (-fertilisation) on European (EL) and hybrid (HL) larches for A) growth, stem form and 
bud burst, B) heartwood size components and C) wood density traits. (Impact is expressed as the difference between ferti-irrigated and 
non-irrigated trees performances). Asterisks mean a significant difference among treatments, -level= 0.05). 
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Figure 4. Direct-effects of year 2003-heat-drought stress on mean height increment (HI), 
ring width (RW), early(EW) and latewood (LW) width and latewood percentage (LW 
prop.) for European (EL) and hybrid (HL) larches in non-irrigated (gray box) vs 
irrigated (black box) treatments (Direct effects are expressed as the relative difference 
between 2000/2001 mean performances and those of 2003). 
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Figure 5. After-effects of year 2003-heat-drought stress on mean height increment (HI) 
and ring width (RW) for European (EL) and hybrid (HL) larches in non-irrigated (NI) 
vs irrigated (FI) treatments. After-effects are expressed as the relative difference 
between 2004, 2005 and 2006 mean performances and those of 2003. 
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Table I. Mean annual temperature and precipitation (between brackets during the 
vegetation period May-September), water supply and estimated cumulated soil water 
deficit 
 
  Temperature 
(°C) 
Precipitation 
(mm) 
Water supply 
1)
 (mm) 
Cumulated 
soil water 
deficit 2) (mm) 
2000 12.2 (17.8)  987 (389) 1031 63.2 
2001 11.8 (17.6) 1053 (475) 802 71.1 
2002 12.2 (17.0) 786 (293) 0 92.3 
2003 12.5 (19.7) 685 (227) 836 187.7 
2004 11.8 (18.0) 744 (272) 2235 134.1 
2005 12.0 (18.5) 672 (271) 1784 132.1 
2006 11.5 (18.2) 763 (212) 2540 181.2 
1)
 in fertilised-irrigated plot only    
2)
 in non-irrigated plots    
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Table II. Comparison of treatments for growth traits, heartwood size and extension, 
ring width and wood density for EW and LW ring components: mean (and standard 
deviation) statistics and mean comparison test (different letters mean a significant 
difference among treatments); (ni = number of individuals per treatment). 
  Control          
(ni=33) 
Fertilised         
(ni=22) 
Irrigated + 
Fertilised 
(ni=34) 
BH girth (mm) 400.8 (70.5) 425.7 (72.8) 522.2 (102.7) 
a a b 
     Increment up to 1999 162.9 (26.4) 163.0 (27.3) 186.8 (32.5) 
Ns ns ns 
     Increment 2000- 2006 237.9 (53.2) 262.7 (53.5) 335.3 (80.1) 
A a b 
Total height (cm) 999.0 (113.2) 1060.9 (106.3) 1274.2 (145.8) 
A a b 
     Increment up to 1999 563.6 (46.8) 559.1 (50.7) 590.0 (44.5) 
Ns ns ns 
     Increment 2000- 2006 435.4 (95.1) 501.8 (86.0) 684.2 (108.1) 
A a b 
Total stem volume (dm3) 46.1 (20.8) 51.5 (19.0) 80.8 (40.6) 
A a b 
Bud flush 2005 3.1 (0.9) 3.2 (1.2) 2.3 (1.1) 
A a b 
Form factor 0.61 (0.05) 0.58 (0.04) 0.54 (0.07) 
A ab b 
Heartwood height (cm) 671.8 (125.0) 780.5 (123.1) 760.9 (172.7) 
A b b 
Proportion of total height 
reached by heartwood (%) 
67.2 (7.0) 73.9 (6.6) 68.0 (6.8) 
Ns ns ns 
Heartwood BH area (cm²) 42.6 (20.3) 43.9 (21.7) 56.0 (29.6) 
Ns ns ns 
Heartwood BH area 
proportion on total area (%) 
55.9 (17.9) 47.9 (14.8) 48.3 (16.1) 
Ns ns ns 
Heartwood volume (dm3) 19.1 (10.7) 19.6 (11.6) 31.7 (18.4) 
A a b 
Sapwood volume (dm3) 27.0 (11.8) 31.9 (12.0) 49.0 (23.5) 
A a b 
Heartwood proportion on 
total volume (%) 
40.7 (9.6) 37.7 (11.7) 40.4 (5.7) 
Ns ns ns 
Heartwood extension 2004-
2006: number of rings 
3.4 (1.1) 2.7 (1.0) 2.5 (1.1) 
Ns ns ns 
Heartwood extension 2004-
2006: along the radius (cm) 
1.35 (0.59) 1.48 (0.63) 1.36 (0.76) 
Ns ns ns 
Ring width (mm) 3.77 (1.00) 4.87 (0.78) 6.04 (1.59) 
A b c 
  EW width (mm) 2.76 (0.87) 3.82 (0.64) 4.48 (1.26) 
A b b 
  LW width (mm) 1.02 (0.25) 1.05 (0.23) 1.56 (0.37) 
A a b 
  LW proportion (%) 26.1 (4.8) 21.5 (3.9) 27.0 (5.4) 
A b a 
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Ring density (kg/m3) 464.7 (39.4) 448.3 (35.1) 451.7 (31.5) 
Ns ns ns 
  EW density (kg/m3) 373.6 (30.7) 374.3 (28.1) 366.2 (29.8) 
Ns ns ns 
  LW density (kg/m3) 706.9 (42.9) 713.9 (50.6) 703.2 (45.6) 
Ns ns ns 
  Density contrast (kg/m3) 574.6 (44.9) 584.4 (51.2) 596.2 (40.4) 
Ns ns ns 
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Table III. Mean performances of European larch and hybrid larch within treatments 
(standard deviations between brackets – figures in italics indicate no significant 
differences among treatments, -level= 0.05) 
 
  European larch Hybrid larch 
  Non-
irrigated 
Irrigated Non-
irrigated  
Irrigated 
  ni=27 ni=27 ni=6 ni=7 
BH girth increment 2000- 2006 (mm) 237.9 (52.5) 335.3 (86.4) 264.7 (41.0) 331.6 (23.1) 
Height increment 2000- 2006 (cm) 435.4 (93.5) 684.2 (111.1) 476.3 (107.8) 740.6 (65.5) 
Total stem volume (dm3) 46.2 (16.6) 103.2 (39.6) 69.0 (24.4) 85.1 (47.8) 
Heartwood height (cm) 719.7 (126.2) 949.3 (144.1) 766.7 (103.3) 814.3 (267.3) 
Proportion of total height reached by heartwood (%) 70.4 (7.5) 72.0 (6.2) 71.6 (2.4) 68.9 (9.4) 
Heartwood BH area (cm²) 42.8 (15.9) 71.0 (29.6) 72.0 (19.6) 62.0 (32.0) 
Heartwood BH area proportion on total area (%) 64.3 (18.8) 55.5 (17.8) 67.2 (14.0) 47.9 (6.9) 
Heartwood volume (dm3) 17.1 (7.5) 44.5 (18.5) 33.9 (10.7) 34.6 (19.7) 
Sapwood volume (dm3) 29.1 (10.9) 58.7 (22.6) 35.1 (14.0) 50.4 (28.4) 
Heartwood proportion on total volume (%) 39.0 (9.0) 41.7 (5.3) 49.9 (3.8) 42.6 (5.8) 
Heartwood extension 2004-2006: number of rings 3.40 (1.23) 2.53 (1.20) 2.75 (0.52) 2.07 (0.67) 
Heartwood extension 2004-2006 along the radius (cm) 1.20 (0.57) 1.34 (0.79) 1.73 (0.48) 1.18 (0.65) 
Ring width (mm) 3.59 (0.89) 6.09 (1.53) 4.81 (1.15) 5.38 (1.96) 
EW width (mm) 2.58 (0.76) 4.45 (0.62) 3.67 (1.08) 3.92 (1.39) 
LW width (mm) 1.00 (0.28) 1.64 (0.49) 1.13 (0.21) 1.46 (0.76) 
LW proportion (%) 26.7 (4.9) 27.9 (5.4) 23.8 (4.6) 29.0 (5.6) 
Ring density (kg/m3) 471.1 (41.9) 458.0 (31.1) 429.4 (21.5) 425.1 (17.0) 
EW density (kg/m3) 378.0 (30.2) 371.9 (28.5) 345.5 (13.8) 336.9 (27.0) 
LW density (kg/m3) 706.9 (42.1) 695.5 (42.0) 701.3 (42.1) 685.3 (61.7) 
Density contrast (kg/m3) 560.5 (46.4) 595.6 (41.6) 605.8 (36.3) 572.4 (80.1) 
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Table IV. A) Mean annual height increment and ring width, early, latewood width and latewood proportion before (yrs 2000-2001), 
during (yr 2003) and after (yrs 2004, 2005 and 2006) the 2003-heat-drought wave in the different plots. (Standard deviations between 
brackets –figures in italics indicate no significant treatment effects, -level= 0.05) B) Direct and indirect impact of year 2003-heat-
drought wave (%). 
A) Height increment (cm) Ring width (mm) Early-wood width (mm) Late-wood width (mm) Late-wood proportion (%) 
 Non-irrigated Irrigated Non-irrigated Irrigated Non-irrigated Irrigated Non-irrigated Irrigated Non-irrigated Irrigated 
2000-2001 97.8 (26.9) 128.2 (27.3) 6.0 (1.8) 8.2 (2.4) 4.4 (1.6) 6.5 (2.1) 1.6 (0.7) 1.6 (0.9) 27.8 (9.6) 21.4 (10.0) 
2003 60.5 (19.8) 107.9 (34.9) 2.9 (1.1) 4.0 (1.8) 2.4 (1.0) 3.0 (1.4) 0.4 (0.4) 1.0 (0.7) 16.6 (11.7) 26.6 (11.9) 
2004 38.2 (20.1) 93.8 (30.1) 4.1 (1.4) 6.7 (2.6) 2.8 (1.1) 4.9 (2.3) 1.3 (0.6) 1.8 (0.9) 33.5 (12.0) 28.2 (13.0) 
2005 57.0 (24.4) 77.9 (25.0) 4.0 (1.6) 6.6 (2.4) 3.1 (1.4) 4.3 (2.2) 0.9 (0.5) 2.3 (1.3) 23.8 (9.4) 34.6 (16.3) 
2006 52.4 (18.2) 82.7 (32.3) 3.7 (1.4) 6.0 (2.1) 2.8 (1.0) 4.4 (1.5) 0.9 (0.5) 1.6 (0.7) 24.0 (6.8) 27.1 (7.9) 
     
      
B) Height increment  Ring width  Early-wood width  Late-wood width  Late-wood proportion 
 Non-irrigated Irrigated Non-irrigated Irrigated Non-irrigated Irrigated Non-irrigated Irrigated Non-irrigated Irrigated 
direct effect 
-38.2 -15.9 -52.0 -50.8 -44.2 -53.8 -72.7 -39.0 -40.4 24.0 
post-effect 
          
2004 -36.8 -13.1 43.0 65.4 13.9 62.2 202.7 75.2 101.6 6.1 
2005 -5.7 -27.8 38.9 63.9 26.4 41.5 107.3 131.6 43.1 30.4 
2006 -13.3 -23.3 27.9 49.6 14.0 45.0 104.0 63.5 44.8 1.91 
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In this chapter, we present complementary results, not published so far, which contribute 
to the objectives of the thesis.  
In a first part, a description of the genetic variability and heritability for all variables 
related to phenology of wood formation will investigate the potential use of these parameters 
in breeding and selection. They will complement results presented in chapter 1.  
In a second part, we present additional results on the effect of environmental stimuli (soil 
water shortage) on tree response, namely the formation of false ring, in connection to chapter 
2. 
Finally, in a third part, we investigate an original methodology aiming to date 
microdensity profiles through a statistical synchronization with climatic data; results on 
phenology of wood formation are then compared with results obtained from the ‘pinning’ 
method (connected to chapter 1).  
 
 
First part: Genetic variability of phenological parameters of ring wood formation 
Context and Objective 
Variability of characters and their probability to be transferred to offspring are key 
starting points for selection process in tree improvement. As we mentioned in the introduction 
of the thesis, variations in wood anatomy are translated to variations of wood density and 
consequently these changes determine the quality properties of products made from wood as 
raw material. The timing and the duration of formation of the different wood tissues through 
the growing season may influence the late-wood proportion and thus the overall wood 
density. A better knowledge of the genetic determinism of dynamics parameter of wood 
formation will contribute greatly to a better understanding of the genetics of wood density, 
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which will be essential for an efficient incorporation of this wood quality characteristic in tree 
breeding programs.  
In chapter 1, we study the timing of xylogenesis in different taxa of larch. Trees of 
hybrids, European and Japanese larches (HL, El and JL) were sampled and the major 
differences were detected for the dates of ending of late-wood formation and for the length of 
the growing season (14-17 days longer for HL compared to JL and EL). Based on these 
results and taking advantages from the progeny structure of our experimental design 
(comparison of families test), we studied the genetic variability of phenology of wood 
formation and the relationships among phenology of wood formation characters at individual 
and family levels. 
However, it is necessary to keep in mind some constraints related to the genetic material 
used in the thesis which limit the interpretation of our results. The plant material and the 
experimental design used in this study were probably far from optimal. Besides the 
heterogeneous nature of the inter-specific hybrids tested (F1, F2 with various genetic 
backgrounds), for feasibility reasons, we had first to limit the sample of trees studied (number 
of progenies and individuals per progeny) to a manageable size (handling of wood samples) 
and secondly to restrict the frequency of tree observations and measurements to every 7-10 
days. Due to this diffuse sampling of trees across the progeny trial, we could not benefit from 
the initial experimental design (complete randomized block design) in subsequent data 
analysis and could not thereby adjust for some obvious environmental effects. 
 
 
Material and Methods 
Data from the farm-field progeny trial in Peyrat-Le-Château (PEY) were used to study 
genetic parameters of phenology of wood formation. As a reminder, for this specific study, 9 
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full-sib hybrid families were tested, with 5-11 individual each. More details about the 
experiment and observations and measurements can be found in chapter 1. 
 
Results 
Variability levels (individual and family) 
Table V presents phenotypic variability observed at individual and family (progeny) 
levels. Dates of start and completion of formation of the different tissues (Sew, Stw, Etw, 
Elw) presented a low variability across analyzed levels (individual and family): consequently, 
no significant differences were detected among families.  
Variables corresponding to duration of tissue formation and proportion of these durations 
over the growing season showed higher level of variability at both individual and family 
levels. Duration of transition-wood formation and transition-wood proportion (Dtw and 
%Dtw) were particularly variable with coefficient of variation around 70% at individual tree 
level and 21% at family level. But differences among families were not significant. 
Ring width and its components (l, ewd, twd, lwd) were highly variable both at individual 
and family levels, much more for transition- and late-wood than for early-wood. Significant 
differences among progenies were detected for total ring, early-wood and late-wood widths 
but not for transition-wood width. 
In contrast, overall ring density and its components showed a low variability. Significant 
differences among families were detected for mean, minimum and maximum ring density and 
also for early and transition-wood densities, but not for late-wood density. 
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Table V.- Basic statistics of wood formation and growth variables and F-test values from 
ANOVA analysis on the Progeny factor (figures in italics indicate significant differences 
among treatments, -level= 0.05). 
Variable Unit Mean (SD) CV% CV%fam F-value (p-value) 
Sew julian days 110 (4.37) 4 1.63 0.90 (0.428) 
Stw julian days 214 (12.37) 6 1.60 0.70 (0.251) 
Etw julian days 230 (16.32) 7 1.73 0.50 (0.133) 
Elw julian days 280 (16.05) 6 2.51 1.60 (0.128) 
Dew days 104 (13.24) 13 3.52 0.70 (0.250) 
Dtw days 17 (12.28) 73 22.10 0.60 (0.158) 
Dlw days 50 (15.57) 31 12.05 1.10 (0.361) 
Dtot days 170 (15.82) 9 4.08 1.50 (0.137) 
%Dew percentage 61.19 (8.24) 13 4.95 0.90 (0.495) 
%Dtw percentage 9.70 (6.6) 68 20.38 0.60 (0.160) 
%Dlw percentage 29.11 (8.58) 29 9.84 0.80 (0.381) 
l mm 7.13 (1.93) 27 17.70 3.80 (<0.001) 
ewd mm 5.57 (1.37) 25 16.88 4.90 (<0.001) 
ewp percentage 79.17 (7.42) 9 4.31 1.50 (0.143) 
twd mm 0.56 (0.52) 94 32.95 0.80 (0.326) 
twp percentage 7.42 (6.29) 85 26.23 0.70 (0.293) 
lwd mm 1.00 (0.57) 57 31.14 2.40 (0.014) 
lwp percentage 13.40 (5.85) 44 21.91 2.00 (0.046) 
SFew mm.day-1 0.05 (0.01) 26 14.91 3.1 (0.002) 
SFtw mm.day-1 0.03 (0.02) 51 26.35 1.60 (0.130) 
SFlw mm.day-1 0.02 (0.01) 43 33.17 2.60 (0.008) 
SLOPEtw g/cm3.day-1 0.03 (0.03) 81 27.04 0.80 (0.343) 
MRD g/cm3 0.42 (0.04) 9 4.74 2.1 (0.0331) 
MID g/cm3 0.28 (0.03) 11 6.16 3.6 (0.0007) 
MAD g/cm3 0.91 (0.06) 7 3.12 2 (0.0421) 
ew.density g/cm3 0.33 (0.03) 8 5.36 3.5 (0.001) 
tw.density g/cm3 0.61 (0.05) 8 4.26 3.4 (0.0012) 
lw.density g/cm3 0.85 (0.06) 7 3.29 1.8 (0.0824) 
T10rg julian days 117 (5.14) 4 1.42 0.50 (0.143) 
Tirg julian days 180 (10.2) 6 2.68 1.9 (0.051) 
T90rg julian days 227 (19.86) 9 4.17 2.1 (0.033) 
T10hg julian days 145 (5.37) 4 1.74 1.6 (0.1108) 
Tihg julian days 195 (6.1) 3 1.11 1.1 (0.3963) 
T90hg julian days 225 (9.67) 4 1.37 0.9 (0.4846) 
T10lig julian days 175 (6.98) 4 2.00 2.5 (0.0128) 
Tilig julian days 225 (5.85) 3 1.02 1.2 (0.3089) 
T90lig julian days 252 (9.21) 4 1.57 1.7 (0.1007) 
 
Speed of tissue formation (SFew, SFtw, SFlw) and of density change per day during the 
transition-wood formation (SLOPEtw) showed moderate to high variability levels (CV, 
between 26 – 81 % at individual and 15 – 33 % at family level). The speed of early- and late-
wood formation showed significant differences among families. 
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For some variables probably more sensitive to environmental factors (such as dates of 
tissues formation), the evaluation of progeny values might be biased and did not allow us to 
reveal statistically significant differences among progenies. 
Heritabilities (h2fam) at family level and their corresponding standard deviations (SD) 
were estimated for variables showing significant differences among families (Table VI). 
 
Table VI.- Heritability at family level (and Standard deviation (SD)) for traits showing 
significant differences among families. 
Variable h2fam SD 
l 0.74 1.116 
ewd 0.796 0.853 
lwd 0.586 0.281 
lwp 0.494 2.658 
SFew 0.68 0.007 
SFlw 0.62 0.004 
MRD 0.523 0.018 
MID 0.726 0.017 
MAD 0.502 0.03 
ew.density 0.711 0.016 
tw.density 0.704 0.028 
 
Moderate to high values of heritabilities (0.49 – 0.80) were estimated, but the precision 
level was very low in some cases. Although traits of dynamic of wood formation as dates of 
initiation and completion of tissues not showed significant differences among families, we 
obtained an estimation of heritability to observe trends. Values of heritability resulted 
negative and unreliable for Sew, Stw and Etw and positive for ending date of late-wood (0.36) 
with standard deviation equal to 6.59. 
 
Relationship between characters (individual and family) 
Breeders are usually interested in selecting fast growing trees (large l), together or not 
with a high mean density (MRD). It might be also of interest for them to select trees better 
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adapted to the conditions of the growing season. That means, on one hand, to avoid frost 
problem (not a major issue in larch), and, on the other hand, to optimise growth, overall wood 
density, and adaptive anatomy-related wood properties, separately or jointly. 
It is for example well-known that overall ring density is directly related to late-wood 
proportion (lwp). Hence to increase late-wood proportion, several strategies could be 
proposed, such as to select genotypes with a later starting radial growth date. Other alternates 
are a later ending growth period, or a faster early- to late-wood change. 
Examination of correlations (at individual levels) between phenology of wood formation 
variables and ring widths and wood density parameters (Table VII) reveals interesting trends. 
First of all, one could expect that trees with a later radial-growth initiation date would 
have a higher late-wood proportion and as a consequence a higher mean ring density. But this 
hypothesis was rejected because of the not significant relationship found between early-wood 
starting date and MRD, MID, MAD, ew.density, tw.density and lw.density (r between -0.09 
and 0.13).  
In contrast, a later ending late-wood formation is highly correlated with a higher total 
duration of annual ring formation (r= 0.96, p-value=<0.001) but also to a larger ring width (r= 
0.63, p-value=<0.001) and of its components: early-, transition- and late-wood widths (r 
between 0.47 and 0.54). A later ending date of late-wood formation is positively associated 
with higher mean and maximum ring densities (r= 0.42, p-value=<0.001 for MRD and r= 
0.23, p-value=0.021, for MAD) and lower minimum ring wood density values (r= -0.22, p-
value=0.027).  
The date of transition from early- to late-wood affects the total duration of ring formation, 
(especially Etw) and ring width but less than the ending date of late-wood formation, and has 
nearly no impact on overall ring density (r<0.15). 
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A larger ring width (l) is strongly positively related with larger early-wood and late-wood 
widths (r= 0.94, p-value=<0.001 for ewd and r= 0.70, p-value=<0.001 for lwd) and slightly 
less connected with transition-wood width (r= 0.46, p-value=<0.001). Also a larger ring width 
is moderately to strongly associated to a higher speed of tissue formation (r between 0.45 and 
0.85) and to a higher mean ring density (r= 0.37, p-value=<0.001). Concerning mean ring 
density (MRD), higher MRD were connected with higher density of the tissues forming the 
annual ring (r between 0.36 and 0.69, results not shown). 
Duration of tissue formation is strongly related to the widths of the corresponding tissue, 
except for transition-wood. It is also significantly and weakly related to their formation speed. 
Trees with a longer duration of early-wood formation had a slower speed of early-wood 
formation (r= -0.31, p-value= 0.002) and a later start of transition-wood formation (r= 0.94, p-
value=<0.001), while trees with a longer duration of late-wood formation showed a higher 
late-wood proportion (r=0.79) and a higher speed of tissue formation (r= 0.26, p-value= 
0.011) and a higher mean ring density (r= 0.27, p-value= 0.007). Duration of transition wood 
formation seems not to be associated to its formation speed, but it is positively related to 
transition-wood density (r= 0.29, p-value= 0.004). 
At family level  as well as at individual tree level, (Table VIII), annual ring width and its 
components are highly dependent on the total duration of ring formation (r=0.55-0.89). The 
strongest correlations with the latter were also observed with the end-date of late-wood 
formation and the end-date of transition-wood formation. Ring width was also negatively 
correlated to the starting-date of early-wood formation (r=-0.48): the earlier the start and the 
latter its completion, the larger the ring. Late-wood proportion was mostly linked to the 
duration of late-wood formation (r=0.89) and mostly to the completion date of late-wood 
(r=0.76).  
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Table VII.- Coefficients of correlation at individual tree level between dates and duration of wood tissues formation and, ring 
characteristics and apical and radial growth parameters. P-values are shown between brackets. 
 Sew Stw Etw Elw Dew Dtw Dlw Dtot 
Stw -0.03 (0.764)        
Etw -0.07 (0.509) 0.67 (<0.001)       
Elw 0.19 (0.065) 0.34 (0.001) 0.54 (<0.001)      
Dew -0.36 (<0.001) 0.94 (<0.001) 0.64 (<0.001) 0.25 (0.012)     
Dtw -0.06 (0.566) -0.12 (0.229) 0.66 (<0.001) 0.37 (<0.001) -0.1 (0.352)    
Dlw 0.27 (0.009) -0.35 (<0.001) -0.49 (<0.001) 0.47 (<0.001) -0.41 (<0.001) -0.31 (0.002)   
Dtot -0.08 (0.408) 0.35 (<0.001) 0.56 (<0.001) 0.96 (<0.001) 0.36 (<0.001) 0.39 (<0.001) 0.4 (<0.001)  
%Dew -0.29 (0.004) 0.65 (<0.001) 0.22 (0.031) -0.48 (<0.001) 0.71 (<0.001) -0.37 (<0.001) -0.72 (<0.001) -0.4 (<0.001) 
%Dtw -0.05 (0.661) -0.17 (0.089) 0.61 (<0.001) 0.28 (0.005) -0.15 (0.15) 0.99 (<0.001) -0.35 (<0.001) 0.3 (0.003) 
%Dlw 0.31 (0.002) -0.49 (<0.001) -0.68 (<0.001) 0.24 (0.018) -0.56 (<0.001) -0.41 (<0.001) 0.96 (<0.001) 0.16 (0.126) 
l 0.12 (0.229) 0.18 (0.083) 0.38 (<0.001) 0.63 (<0.001) 0.12 (0.223) 0.32 (0.001) 0.25 (0.012) 0.6 (<0.001) 
ewd 0.07 (0.511) 0.21 (0.036) 0.31 (0.002) 0.47 (<0.001) 0.18 (0.084) 0.19 (0.056) 0.16 (0.115) 0.46 (<0.001) 
ewp -0.2 (0.047) 0.09 (0.398) -0.26 (0.009) -0.67 (<0.001) 0.15 (0.149) -0.44 (<0.001) -0.42 (<0.001) -0.63 (<0.001) 
twd 0.02 (0.863) 0.06 (0.562) 0.69 (<0.001) 0.50 (<0.001) 0.05 (0.628) 0.85 (<0.001) -0.2 (0.047) 0.5 (<0.001) 
twp 0.01 (0.89) 0.00 (0.993) 0.62 (<0.001) 0.40 (<0.001) 0.00 (0.97) 0.83 (<0.001) -0.24 (0.016) 0.4 (<0.001) 
lwd 0.24 (0.019) 0.04 (0.733) -0.1 (0.353) 0.54 (<0.001) -0.05 (0.655) -0.16 (0.113) 0.66 (<0.001) 0.48 (<0.001) 
lwp 0.24 (0.017) -0.11 (0.278) -0.34 (0.001) 0.42 (<0.001) -0.18 (0.072) -0.34 (0.001) 0.79 (<0.001) 0.36 (<0.001) 
SFew 0.24 (0.019) -0.25 (0.013) 0 (0.963) 0.33 (0.001) -0.31 (0.002) 0.25 (0.015) 0.34 (0.001) 0.27 (0.008) 
SFtw 0.08 (0.453) 0.16 (0.122) 0.01 (0.888) 0.3 (0.002) 0.12 (0.233) -0.14 (0.172) 0.3 (0.003) 0.29 (0.004) 
SFlw 0.11 (0.276) 0.22 (0.032) 0.21 (0.044) 0.46 (<0.001) 0.17 (0.102) 0.05 (0.606) 0.26 (0.011) 0.43 (<0.001) 
MRD 0.13 (0.208) 0.04 (0.667) 0.15 (0.131) 0.42 (<0.001) 0.00 (0.991) 0.16 (0.116) 0.27 (0.007) 0.39 (<0.001) 
MID -0.06 (0.535) 0.09 (0.403) 0.05 (0.604) -0.22 (0.027) 0.10 (0.324) -0.02 (0.88) -0.29 (0.004) -0.21 (0.039) 
MAD 0.08 (0.412) 0.17 (0.105) 0.15 (0.139) 0.23 (0.021) 0.13 (0.216) 0.03 (0.738) 0.08 (0.42) 0.21 (0.035) 
ew.density -0.05 (0.599) 0.14 (0.187) 0.11 (0.29) -0.09 (0.371) 0.14 (0.159) 0.01 (0.937) -0.21 (0.04) -0.08 (0.446) 
tw.density -0.09 (0.402) 0.04 (0.685) 0.25 (0.015) -0.01 (0.919) 0.07 (0.512) 0.29 (0.004) -0.27 (0.007) 0.01 (0.898) 
lw.density 0.08 (0.417) 0.2 (0.054) 0.18 (0.083) 0.12 (0.252) 0.16 (0.127) 0.04 (0.718) -0.06 (0.531) 0.10 (0.349) 
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But at the family level, overall ring density was weakly related to any parameter of wood 
formation phenology (r<0.48). The duration of early-wood formation was much more linked 
to a later start of transition-wood formation (Stw, r=0.86) than to an early start of early-wood 
formation (r=-0.39). 
At family level as well as at individual level, a larger ring width (l) was found to be 
strongly related to larger early-, transition- and late-wood widths (r between 0.67 and 0.98) 
and to a higher speed of tissue formation (r between 0.6 and 0.97) (results not showed ). On 
another hand, a longer duration of late-wood formation seems to be associated to a higher 
speed of late-wood formation, while early- and transition-wood duration were shown to be 
independent of their formation speed. 
In conclusion, our results demonstrate that, to increase ring width and overall wood 
density, breeders must select trees with a longer growing season. The duration of the growing 
season is much more dependent on the final stages of radial growth than on its early stages . 
Thus trees with the longest growing season and with the earliest shift from transition- to late-
wood will produce a larger ring with a bigger late-wood proportion, and thus with a higher 
density. If a larger late-wood proportion and a faster transition from early- to late-wood are 
also advantageous from an adaptive point of view (greater water storage, lower vulnerability 
to cavitation), then this strategy would be beneficial from all points of view as long as the 
trees do not suffer from early frost and cold. 
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Table VIII.- Coefficients of correlation at family level between dates and duration of wood tissues formation and, ring characteristics 
and apical and radial growth parameters. P-values are shown between brackets. 
 
Sew Stw Etw Elw Dew Dtw Dlw Dtot 
Stw 0.14 (0.686)        
Etw -0.41 (0.212) 0.49 (0.130)       
Elw 0.08 (0.813) 0.27 (0.426) 0.59 (0.054)      
Dew -0.39 (0.240) 0.86 (0.001) 0.66 (0.026) 0.21 (0.540)     
Dtw -0.56 (0.074) -0.34 (0.303) 0.66 (0.028) 0.41 (0.213) -0.03 (0.928)    
Dlw 0.38 (0.244) 0.00 (0.993) 0.05 (0.890) 0.83 (0.002) -0.2 (0.555) 0.05 (0.876)   
Dtot -0.16 (0.629) 0.23 (0.494) 0.69 (0.019) 0.97 (<0.001) 0.30 (0.370) 0.54 (0.086) 0.73 (0.011)  
%Dew -0.13 (0.71) 0.35 (0.287) -0.2 (0.546) -0.80 (0.003) 0.39 (0.231) -0.52 (0.098) -0.85 (0.001) -0.76 (0.007) 
%Dtw -0.57 (0.067) -0.39 (0.230) 0.6 (0.049) 0.32 (0.331) -0.07 (0.829) 0.99 (<0.001) -0.02 (0.964) 0.46 (0.155) 
%Dlw 0.55 (0.081) -0.12 (0.734) -0.2 (0.557) 0.66 (0.026) -0.39 (0.235) -0.11 (0.738) 0.96 (<0.001) 0.52 (0.099) 
l -0.48 (0.131) 0.21 (0.539) 0.72 (0.012) 0.75 (0.008) 0.44 (0.172) 0.60 (0.052) 0.43 (0.189) 0.86 (0.001) 
ewd -0.59 (0.058) 0.19 (0.582) 0.71 (0.014) 0.64 (0.036) 0.48 (0.139) 0.60 (0.050) 0.30 (0.372) 0.77 (0.005) 
ewp -0.26 (0.437) -0.10 (0.774) -0.31 (0.347) -0.73 (0.011) 0.04 (0.900) -0.25 (0.453) -0.69 (0.020) -0.65 (0.029) 
twd -0.37 (0.262) -0.06 (0.870) 0.7 (0.017) 0.47 (0.148) 0.14 (0.684) 0.80 (0.003) 0.1 (0.774) 0.55 (0.078) 
twp -0.16 (0.629) -0.18 (0.603) 0.46 (0.157) 0.20 (0.564) -0.08 (0.814) 0.64 (0.032) -0.07 (0.831) 0.23 (0.489) 
lwd 0.01 (0.971) 0.33 (0.321) 0.43 (0.192) 0.90 (<0.001) 0.30 (0.368) 0.17 (0.614) 0.82 (0.002) 0.89 (<0.001) 
lwp 0.43 (0.184) 0.24 (0.477) 0.08 (0.820) 0.76 (0.006) 0.00 (0.998) -0.12 (0.716) 0.89 (<0.001) 0.65 (0.031) 
SFew -0.59 (0.058) 0.03 (0.919) 0.64 (0.033) 0.62 (0.041) 0.33 (0.316) 0.66 (0.027) 0.33 (0.325) 0.76 (0.007) 
SFtw -0.33 (0.318) -0.06 (0.860) 0.35 (0.296) 0.29 (0.386) 0.11 (0.737) 0.42 (0.193) 0.12 (0.722) 0.37 (0.264) 
SFlw -0.1 (0.776) 0.41 (0.208) 0.56 (0.072) 0.84 (0.001) 0.43 (0.183) 0.25 (0.462) 0.65 (0.029) 0.85 (0.001) 
MRD 0.15 (0.660) 0.48 (0.133) 0.25 (0.463) 0.06 (0.861) 0.37 (0.259) -0.15 (0.658) -0.10 (0.778) 0.02 (0.947) 
MID -0.19 (0.571) 0.11 (0.754) -0.09 (0.790) -0.77 (0.006) 0.2 (0.558) -0.19 (0.575) -0.89 (<0.001) -0.71 (0.014) 
MAD 0.00 (0.993) 0.53 (0.091) 0.35 (0.291) 0.01 (0.969) 0.5 (0.121) -0.08 (0.805) -0.23 (0.505) 0.01 (0.971) 
ew.density -0.18 (0.601) 0.34 (0.309) 0.06 (0.854) -0.62 (0.044) 0.41 (0.215) -0.22 (0.508) -0.81 (0.003) -0.57 (0.070) 
tw.density -0.36 (0.280) 0.29 (0.386) 0.5 (0.118) -0.15 (0.664) 0.45 (0.160) 0.29 (0.395) -0.53 (0.094) -0.06 (0.863) 
lw.density 0.05 (0.879) 0.41 (0.207) 0.09 (0.783) -0.35 (0.293) 0.36 (0.281) -0.26 (0.449) -0.5 (0.119) -0.36 (0.280) 
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Second part: Wood response to environmental conditions: study-case of the formation of 
a false ring. 
Context and objectives 
In chapters 1 and 2, we showed through a retroactive approach how some environmental 
conditions, mainly soil water shortage and temperature, affected the cambial activity and 
consequently some properties (e.i.: heartwood, early-, transition- and late-wood widths) of the 
resulting wood. But this retroactive approach did not allow us to understand the way cambial 
activity reacts and in particular how fast is the response to environmental stimuli. When trees 
are facing a climatic stress, how fast is their cambium reaction and is there any variability 
among genotypes in the way they react? 
Generally in the temperate zones radial growth is periodic. In an annual ring, early-wood 
is formed at the start of the growing season and composed of cells with thin wall and large 
lumen while late-wood is formed toward the end of the growing season and is made of cells 
with thicker wall and smaller lumen (Larson, 1994). We demonstrated in chapter 1 how water 
stress influences ring characteristics (widths, early-wood proportion, duration and speed of 
tissue formation) of irrigated versus non-irrigated trees.  
A drought event during the first part of the growing season can induce the formation of 
late-wood-like cells (Rozenberg et al. 2002). If soil water content returns to favorable 
conditions, the cambium starts again to form early-wood-like cells. The tissue band inside the 
early-wood and compounded of thicker-wall smaller-lumen cells is called a ‘false ring’ 
(Figure 11). In lowland oceanic climate sites like the ones used in this study, false rings are 
common in larch annual wood rings and in other conifers and can be generally related to 
water stress during the early part of the growing season. 
These changes in wood anatomy can be interpreted, from an adaptive point of view, as a 
response to a stressful environment. Analysis of this response delay, severity of impact and 
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reactivity to the constraining conditions may allow us to select individuals with a favorable 
response according to our breeding objectives. 
Thus, false rings are particularly suitable to study delay and speed of cambium reaction to 
a given stress. 
 
Figure 11.- False ring in hybrid larch at PEY. Microdensity profile (yellow) and soil 
water availability (blue) for the year 2006. 
 
Material and Methods 
We took advantage of the weekly radial growth observations in our pinning experimentation 
at PEY (see chapter 1) during 2006 and of records of early drought events (suspected from 
soil water deficits) to conduct this study. Results are presented based on 94 trees from PEY. 
The drought index (defined in the material and methods, section 2.1, page 37) and soil water 
availability variations over year 2006 are shown in Figure 12. We focused on a period 
spanning between Julian days 100 and 140; that is when the first decrease of water 
availability (or increase of drought index) was observed. The first strong increase of drought 
index (DI), nearly the double of its initial value, was reached in Julian day 112 and a marked 
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decrease (33% of total soil water reserve) of soil water availability (WA) occurred in Julian 
days 122. 
 
Figure 12.- Drought index (A) and soil water availability (B) during 2006-growing 
season for PEY site. 
 
 
From the dynamic wood microdensity profiles, reconstructed from pinning and 
microdensity profiles information (see chapter 1), we extracted some key dates and wood 
densities (Figure 13) related to the false ring formed during the first part of the growing 
season. We calculated the dates corresponding to the initiation and completion of this density 
peak (Stdate and Endate), the date when the maximum density of the peak was reached 
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(Maxdate) and the two corresponding densities of Stdate and Maxdate (Stden and MAxden, 
respectively). In addition, we computed the total duration of the false ring event (number of 
days of the false ring formation; Totaldur) and the number of days up to the maximum density 
of the peak (Maxdur). Additional variables were generated by computing differences between 
Julian day in which climatic indexes showed the first increase or decrease (112 and 122 for DI 
and WA, respectively) and the Julian day in which the false ring started to be formed (DifDI 
and DifWA). Similarly as for the transition-wood (see chapter 1), we calculated the speed of 
wood density change (SLOPE-FR) during the constitution phase of the false ring as 
(MAxden- Stden)/( Maxdate- Stdate). 
We interpreted Stdate, Maxdate, Maxdur and DifDI and DifWA as different measures of 
the delay of cambial response to the climatic stress; MAxden and Totaldur as measures of the 
severity of the stress impact and finally SLOPE-FR as a measure of the reactivity of trees to 
stress. 
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Figure 13.- Detailed measurements on a false ring extracted from a dynamic wood 
density profile (tree P008 at PEY): Stdate: Julian day when false ring peak started; 
Maxdate when it reached its maximum density and Endate when it ended; Stden, 
Maxden and Enden: corresponding wood densities; Totaldur: total duration of peak and  
Maxdur: number of days up to the reach of maximum peak density. 
 
 
Results 
On average, the false ring started to form in Julian day 164 +/- 9 days and ended in Julian 
day 173 +/- 9 days (Table IX). The time needed to reach the peak of maximum density was, 
on average, 9 +/- 4 days. Delays between the initiation of stressing conditions by an increase 
of DI or a decrease of WA and the observed start of false ring formation were between 42 and 
52 days for DifDI and DifWA, respectively. Soil water availability started to decrease at 
Julian day 100 and continued to do up to Julian day 122; during this period, cells at the stage 
of differentiation reduced their enlargement process and precipitated the substance deposition 
to form their secondary cell wall resulting in cells with smaller lumen and thicker walls than 
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typical early-wool neighboring cells. And cells that were in enlargement stage at the time of 
the stress continued their development looking like typical early-wood cells. 
Unfavorable water conditions (Figure 12) must persist long enough to give to the tree 
enough time to react and produce late-wood like-cells.  Here a water deficit event of 40 days 
long produced this false ring. Afterwards, trees returned to the production of typical early-
wood cells. Overall stress reaction and post-stress reaction of trees to this spring water 
shortage event seems better correlated with soil water availability than to the drought index, 
which kept on increasing over spring and summer. 
 
Table IX.- Mean and standard deviation (SD) of 2006-false ring characteristics. 
Variable Unit Mean Min - Max  CV (%) 
Stdate julian day 164 127 - 179 5.47 
Maxdate julian day 173 141 - 189 5.06 
Maxden g/cm3 0.43 0.32 - 0.61 11.63 
Endate julian day 181 147 - 207 4.63 
Totaldur Day 18 6 - 33 33.20 
Maxdur Day 9 3 - 25 43.40 
DifDI Day 52 15 - 67 17.30 
DifWA day 42 5 - 57 21.45 
SLOPE-FR g/cm3.day-1 1.22 0.09 - 4.06 60.66 
 
While some trees showed contrasted timing of start and end of formation of the false ring, 
individual tree variability was rather low for these traits (CV less than 10%). Figure 14 
illustrates the differential reaction of two trees (F1 and F2 hybrid larches) submitted to the 
same stress in the same environmental conditions.  
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Figure 14.- False ring formation in two trees from F1 and F2 hybrid family at PEY 
(same growing season length). 
 
 
On average, the maximum density reached within the peak (Maxden) ranged from 0.32 to 
0.61 g/cm3. The time needed to form the whole false ring (Totaldur) ranged from 6 to 33 days 
with an average of 18 days (Table IX). These variables (Maxden and Total dur) were 
interpreted as a measure of the severity of the impact of the environmental stress on cambial 
activity. A higher value of Maxden, corresponding to a higher density, seems to be related to 
more time spent in substance deposition on cell walls or to a more efficient deposition 
mechanism during the formation of late-wood like-tracheids. On another hand, the total 
duration of false ring formation represents the time needed for a tree to return to the 
production of early-wood-like cells after environment came back to be more favorable 
conditions . For both parameters, a high variability of the severity of the impact was observed 
among trees.  
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The reaction speed of the trees (their reactivity) assessed by SLOPE-FR was also highly 
variable among individuals: speed ranged from 0.09 to 4.06 g/cm3.day-1 showing extreme tree 
behaviors. 
In fact, it was not much the timing of responses (Stdate and Endate) which differed much 
among trees but instead, the intensity, speed and duration of the response (Maxden, SLOPE-
FR, Maxdur, Totaldur). 
In Table X, we presented the relationships between false-ring characteristics at individual 
tree level. The delay of tree reaction (Stdate>, or Maxdate) is moderately correlated with tree 
reactivity and with severity of tree response to the stress: following a stress, a tree responding 
lately (Stdate>, or Maxdate>) reacts then faster (SLOPE>) and with more intensity (reaches a 
higher density maximum (Maxden)) but over a shorter time period (Totaldur) than trees 
reacting without delay. 
 
Table X.- Relationships at individual tree level among 2006-false ring parameters. 
Coefficients of correlation and p-value (between brackets). 
 
Obviously in larch, trees facing a major temporal pedo-climatic constraint are more or 
less heavily affected and have different reaction patterns, which can be summarized as an 
intense-reaction type and a weak reaction type related to Maxden. And according to SLOPE, 
 Stdate Maxdate Maxdur DifDI DifWA Totaldur Maxden Endate 
Maxdate 0.89 
(<0.001)     
-0.18 
(0.088) 
0.28 
(0.006) 
0.88 
(<0.001) 
Maxdur -0.29 
(0.005) 
0.11 
(0.289)    
0.74 
(<0.001) 
0.11 
(0.31) 
0.15 
(0.143) 
DifDI 1 
(<0.001) 
0.89 
(<0.001) 
-0.29 
(0.005)   
-0.49 
(<0.001) 
0.25 
(0.017) 
0.77 
(<0.001) 
DifWA 1 
(<0.001) 
0.89 
(<0.001) 
-0.29 
(0.005) 
1 
(<0.001)  
-0.49 
(<0.001) 
0.25 
(0.017) 
0.77 
(<0.001) 
Totaldur -0.49 
(<0.001) 
-0.18 
(0.088) 
0.74 
(<0.001) 
-0.49 
(<0.001) 
-0.49 
(<0.001)  
0.01 
(0.94) 
0.14 
(0.182) 
Maxden 0.25 
(0.017) 
0.28 
(0.006) 
0.11 
(0.31) 
0.25 
(0.017) 
0.25 
(0.017) 
0.01 
(0.94)   
SLOPE-FR 0.37 
(<0.001) 
0.11 
(0.276) 
-0.63 
(<0.001) 
0.37 
(<0.001) 
0.37 
(<0.001) 
-0.54 
(<0.001) 
0.51 
(<0.001) 
0.03 
(0.798) 
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we identified two different patterns: fast- and slow-reaction. Combining delay, intensity and 
speed of reaction, two strategies were indentified in studied trees. One tree strategy was to 
react rapidly, intensively during a shorter period of time, while other trees reacted with a 
larger delay, less intensively during a longer period of time. 
The formation of false ring as reaction to environmental constraints has consequences at 
different levels. 
1) Consequences at anatomic and physiological level: These cells are obviously less 
conductive than early-wood type cells reducing the capacity of water transport within-
tree. However, less conductive cells are sometimes assessed to be more drought 
resistant (Dalla-Salda et al. 2009) but contradictory results have been also published 
(Rosner et al. 2007) who failed to find relationships between hydraulic vulnerability 
and lumen diameter. 
2) Consequences on radial growth: we could hypothesize: trees with rapid, intense and 
long reaction produce less early-wood or narrower ring width. However, non 
significant correlation between reaction features and early-wood and ring width 
proved that this reaction not penalized the radial growth. 
What is favorable? A rapid, intensive and shorter reaction-type or the delayed, less 
intensive and longer reaction-type? The answer is not straightforward, since it depends on the 
timing during the growing season, the duration and the intensity of the water deficit event. It 
depends also on the physiological consequences of the false ring formation, which are not 
obvious. 
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Third part: Statistical synchronization of microdensity profiles with climate variables. 
Context 
The combined pinning and microdensitometry methods developed in this thesis as well as 
the microcore methodology (Rossi et al. 2006) have proved to be efficient in precisely 
constructing or re-constructing precisely wood formation dynamics in annual rings. However, 
they are still limiting for studies requiring investigation of large numbers of individuals like in 
genetic studies or for breeding purposes. Other methods such as the breakpoints method used 
by Martinez et al. (2009) and by Sanchez Vargas et al. (2007), while less time-demanding and 
less costly, assume that there is an absence of individual tree variability for the growing 
season duration and of its components (onset-completion), and the consequences of this 
assumption have not been verified yet.  
 
Objective 
In order to overcome these limitations, our objective here was to test a novel 
synchronization procedure where variability in the growing season and dates for onset and 
completion are allowed to vary between individuals for a given set of weather records. This 
procedure searches for the optimal synchronization between the distance-based static 
microdensity profiles and the time-based records of climatic variables, and for this we 
developed an ad-hoc optimization algorithm. Unlike previous indirect synchronization 
methods, this optimization approach has no a priori assumptions other than the length of the 
climatic vector that is used for the set of individuals to be synchronized. Like previous 
indirect methods, this method assumes that wood density variation along the annual ring is an 
imprint of determinant climatic variables along the growing season on cambial activity, and 
that this reaction happens with no delay respect to the weather event for all individuals. This 
drawback in failing to take into account individual delays is the price to pay, however, for an 
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indirect synchronization method. The objective here is to compare dynamic profiles resulting 
from pinning and those resulting from synchronization by using this novel optimization 
approach and, ultimately, to asses to what extent the latter indirect method affect genetic 
estimates drawn from synchronized profiles. 
 
Method 
A simulated annealing procedure was used as the optimization engine for the 
synchronization problem. Simulated annealing finds optima in a way analogous to the 
reaching of minimum energy configurations in metal annealing, and it is used for efficient and 
rapid search in combinatorial problems. This technique was applied to the allocation of 
subsequent segments of the microdensity record to the sequence of climatic records, in such a 
way that the correlation between the resulting arrangement of microdensity and weather 
records was maximized. The process proceeded with one tree at the time. This process 
involved a random search throughout the feasible space of solutions, without changing the 
initial sequence of records, to maximize the objective function given by the Pearson 
correlation coefficient between microdensity and weather records. In this study, we used 
drought index and soil water availability. 
The procedure started with a random association of each value of wood density (obtained 
from microdensity profiles with a step of 25 microns) to one or several consecutive climatic 
values (obtained from climatic profiles for a given index over the growing season), in such a 
way that each climatic record is associated to one and only one microdensity record. This first 
random association was a seed to start the optimization process, and it was subsequently 
followed by other associations. Each association was then evaluated by the level of 
correlation between microdensity and weather variables. The routine evaluated >2*106 
associations, always saving the association with the highest correlation. When the best 
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correlation is found, the process stops and associated density and climatic variables are then 
used to construct dynamic density profiles. 
Trees are allowed to have no a priori fixed starting and ending dates of cambial activity, 
and thereby different growing season lengths between trees are possible, as observed in 
nature. However, and in order to avoid unnecessary computations, it was still necessary to 
define starting and ending bounds for the growing season length, delimitating the climatic 
profile. For instance, weather records from winter months were excluded from the 
synchronization with certainty of not being associated to seasonal growth. 
For indirect synchronization, we used combinations of two climatic indexes: a drought 
index (denoted hereafter as DI) and soil water availability (denoted WA and detailed in point 
2.1 in section Materials and Methods), and with three different growing season lengths (see 
Table XI for details). The two tested climatic indexes were selected based on multivariate 
analysis. DI was chosen for simplicity of calculation and WA because of it represents with 
more complexity the environmental conditions, taking into account soil water available for 
trees. Different season lengths were tested to assess their effect on synchronization. For each 
index we selected a short (120-130 days), a medium (145-190) and a long (225-245) growing 
season. The lengths of growing seasons are not exactly the same for both indexes, due to 
particular variation of each index. 
Different growing season lengths, climatic index, and setting parameters of annealing 
procedure were tested in search of the closest association between density and climatic 
variables. Synchronization was attempted on year 2006 data sets for each of the 94 trees in 
PEY, and then compared to the dynamics of wood formation observed through the pinning 
method in 2006. 
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Table XI.- Combination of climatic indexes and growing season lengths used in the 
statistical synchronization process 
Climatic Index Duration of growing season 
WA 
(soil water availability) 
short (growing season fixed from julian day 60 to 180) 
medium (growing season fixed from julian day 55 to 200) 
long (growing season fixed from julian day 50 to 295) 
DI 
(drought index) 
short (growing season fixed from julian day 55 to 185) 
medium (growing season fixed from julian day 80 to 270) 
long (growing season fixed from julian day 70 to 295) 
 
As a result, 6 so-called ‘synchronized’ wood density profiles were obtained for each 
individual tree (WA-short, WA-medium, WA-long; DI-short, DI-medium, DI-long). From 
them, phenological parameters of wood formation (Sew, Stw, Etw, Elw, Dew, Dtw, Dlw, 
Dtot, SFew, SFtw, SFlw) were calculated applying the same criteria used in the ‘dynamic 
profiles’ that were obtained through the combined ‘pinning’-microdensity method (see 
chapter 1). These parameters from the so-called ‘synchronized’ profiles were then compared 
to those of the dynamic profiles obtained from the pinning method. 
Results 
Similarities between both profiles depended ultimately on the weather index and the 
growing season length that were implemented, with some scenarios resulting in coarse 
overlapping, while others showing reasonable matching. In figure 15, we show two examples 
of synchronized versus dynamic profiles for one particular tree. Absolute differences appear 
to be of relevance, at first sight, for WA, with a shift in synchronization towards early dates. 
At least one of the scenarios for DI matched reasonably well the dynamic profile. 
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Figure 15.- Example of reconstructed microdensity profiles: ‘dynamic’ profiles (in 
black) and ‘synchronised’ profiles (in gray) for tree P012 located at PEY. 
Synchronization using A) soil water availability (WA) and B) drought index (DI) as 
climatic index for different lengths of the growing season (GS). 
 
 
Phenological parameters estimated from synchronized profiles are given in Table XII (see 
in appendix A, at the end of the present chapter) and could be compared to those from 
dynamic profiles (see Table IV, in chapter 1). As a whole, the former differed from those 
obtained from ‘dynamic’ profiles (Figure 15). 
In Figure 16 we show median, minimum and maximum values of key dates of tissue 
formation for the six synchronization and dynamic profile. The average date of onset of wood 
formation was the most critical to fix and it was also the most affected by the length of 
growing seasons. 
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Figure 16.- Box-plot of key dates of kinetics of wood formation. A) Sew: starting date of 
early-wood, B) Stw: starting date of transition-wood, C) Etw: completion date of 
transition-wood, D) Elw: completion date of late-wood. 
 
 
The initiation and ending of transition wood (Figure 16 B and C) were affected by the 
selected index and the length of growing season. From other side the estimated date of late-
wood completion (Figure 16 D) was underestimated in all cases whatever index and length of 
growing season were tested. 
The optimization algorithm produces a better synchronization when variation exists along 
the two profiles (climatic and wood density), such as in the presence of false ring or in the 
transition from early- to late-wood. But, at the start of radial growth, variations in early-wood 
density are usually weak and the function had difficulties for finding variation through the 
records where to “anchor” the synchronization: as a result, the start of wood formation is 
:FH
often associated to the first day available in the chosen growing season. Consequently, the 
timing of formation dates of other tissues is also disturbed (Table XII in appendix A). 
Differences between values from the synchronized and dynamic profiles were computed 
for all variables mentioned above (Sew, Stw, Etw, Elw, Dew, Dtw, Dlw, Dtot, SFew, SFtw, 
SFlw) for the 94 trees used for this study. In order to construct a reference distribution for 
each of these variables, from which inferences over differences could be made, we used a 
Monte-Carlo randomization approach (Mainly, 1997, Martinez-Meier et al., 2008) written in 
R language (R Development Core Team, 2008). This randomization approach used all the 
pairs of synchronized and dynamic profiles from the 94 trees in the study as a pool from 
which new random pairs without replacement could be subsequently formed. The resulting 
new differences from these sampled pairs were computed and stored, and the process repeated 
over 1000 times in order to build up a distribution of differences. These distributions 
represented the expected difference between any two synchronized and dynamic profiles 
under a null hypothesis, thus due purely to chance.  
Each observed difference truncated its corresponding null hypothesis reference 
distribution, resulting in a probability of the observed difference among synchronization 
methods (synchronized and dynamic) being due by chance (Figure 17). We assumed a 
significance threshold of 0.05 for a one-tail test. 
Results of the comparison between distributions of variables from the ‘dynamic’ and 
‘synchronized’ profiles showed that differences for most of variables are related to the method 
rather than purely to chance (Figure 17). However, differences were dependent also on the 
trait and the season length being used for the synchronization (i.e. WA-long, DI-medium and 
DI-long). This leads to think that differences might be somehow reduced by an appropriate 
choice of traits and length of weather records.  
:DG
Regarding the fact that synchronized profiles assumed no delay between weather events 
and microdensity responses, most of the differences between synchronized and dynamic 
profiles were a matter of sifted positions along the time axis. This is the result of the basic 
assumption that is made for the indirect synchronization, i.e. all trees react immediately to the 
weather stimuli. Commonly, trees do not react immediately to environmental stimuli (see part 
2 of the present chapter) and the algorithm fail by construction to take that into account. 
Unfortunately, there seems to be no way to know retrospectively the “age” of a microdensity 
response to a given weather event by using indirect methods. The synchronization approach 
allows us to compare the magnitudes of responses to given weather events among trees, but 
we should neglect the differences in delays in response between those trees being compared. 
According to obtained results, additional information such as the average date of 
budburst or temperature thresholds for onset of cambial activity, probably, need to be 
included in the function to orientate the local search of the starting date of radial growth. 
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Figure 17.- Differences between ‘synchronized’ and dynamic profiles for dates of 
initiation of early-wood (Sew), initiation of transition-wood (Stw), end of transition-
wood (Etw), end of late-wood (Elw), duration of early-, transition- and late-wood (Dew, 
Dtw, Dlw), total duration of growing season (Dtot) and speed of early-, transition- and 
late-wood formation, using different climatic indexes and growing season length. Figures 
a, b and c correspond to soil water availability for short (a), medium (b) and long (c) 
growing seasons. Figures d, e, f correspond to drought Index combined with short (d), 
medium (e) and long (f) growing seasons. The grey bars show the log10 of the 
probability associated to differences among synchronized and dynamic profiles in the 
Monte-Carlo randomization process. The horizontal line represents the 5% significance 
level. 
 
 
As an example, in Table XIII we present the variation and estimated heritability (when 
correspond) for variables from dynamic and synchronized profiles. Although marked 
differences showed in Figure 15 by synchronization using WA-long, variation and genetic 
:D;
control of the most variables seems not suffer greater changes. That allows us to be optimistic 
with the used of results from synchronization to breeding objectives. 
 
Table XIII.- Comparison of genetic variation and heritability estimates for dynamic (Dyn) and 
synchronized profiles (DI-medium and WA-long). 
Variable Dyn DI-medium WA-long 
  F-value h2fam (SD) F-value h2fam (SD) F-value h2fam (SD) 
  (p-value)   (p-value)   (p-value)   
l 3.8 (<0.001) 0.740 (1.116) 1.1 (0.386) - 0.5 (0.150) - 
ewd 4.9 (<0.001) 0.796 (0.853) 0.9 (0.465) - 2.7 (0.008) 0.63 (0.163) 
lwd 2.4 (0.014) 0.586 (0.281) 0.9 (0.488) - 2.2 (0.03) 0.545 (0.082) 
lwp 2.0 (0.046) 0.494 (2.658) 0.9 (0.500) - 2.3 (0.02) 0.571 (2.623) 
SFew 3.1 (0.002) 0.680 (0.007) 0.10 (0.001) - 0.5 (0.108) - 
SFlw 2.6 (0.008) 0.620 (0.004) 0.70 (0.264) - 0.8 (0.369) - 
MRD 2.1 (0.033) 0.523 (0.018) 1.1 (0.351) - 2.9 (0.006) 0.65 (0.018) 
MID 3.6 (<0.001) 0.726 (0.017) 4.2 (<0.001) 0.765 (0.018) 2.3 (0.024) 0.561 (0.015) 
MAD 2.0 (0.042) 0.502 (0.030) 1.9 (0.062) 0.475 (0.029) 1.8 (0.082) 0.441 (0.028) 
 
:D<
APPENDIX A 
Table XII.- Mean, standard deviation, standard error, coefficient of variation (CV%), and 
minimum and maximum of duration and speed of tissue formation from indirectly 
synchronized profile. 
Variable Unit Sinchronization Mean (SD) CV% Min - Max 
Dew Days DILong 144 (47.17) 32.81 38 - 209 
  DImedium 116 (41.43) 35.57 38 - 164 
  DIshort 77 (12.86) 16.66 39 - 95 
  WAlong 110 (40.62) 36.99 58 - 239 
  WAmedium 93 (7.69) 8.30 72 - 133 
    WAshort 85 (4.14) 4.86 65 - 94 
Dtw Days DILong 25 (21.78) 85.61 4 - 122 
  DImedium 24 (20.63) 87.45 4 - 95 
  DIshort 24 (12.14) 50.90 7 - 63 
  WAlong 37 (16.88) 46.16 4 - 88 
  WAmedium 20 (11.41) 55.85 7 - 52 
    WAshort 13 (4.1) 32.70 5 - 33 
Dlw Days DILong 28 (27.25) 98.27 2 - 105 
  DImedium 30 (28.08) 92.37 2 - 80 
  DIshort 24 (7.82) 32.95 6 - 48 
  WAlong 49 (19.79) 40.78 2 - 88 
  WAmedium 27 (9.44) 34.52 4 - 41 
    WAshort 16 (3.47) 21.37 9 - 26 
Dtot Days DILong 198 (14.51) 7.33 176 - 222 
  DImedium 176 (5.27) 2.99 145 - 182 
  DIshort 126 (8.18) 6.50 101 - 131 
  WAlong 196 (17.09) 8.72 182 - 246 
  WAmedium 141 (5.46) 3.86 119 - 146 
    WAshort 115 (3.47) 3.02 104 - 121 
SFew mm.day-1 DILong 0.0256 (0.0001) 0.39 0.0255 - 0.0261 
  DImedium 0.0257 (0.0001) 0.39 0.0256 - 0.0261 
  DIshort 0.0257 (0.0001) 0.39 0.0257 - 0.0261 
  WAlong 0.0256 (0.0001) 0.39 0.0255 - 0.0258 
  WAmedium 0.0257 (0) 0.00 0.0256 - 0.0258 
    WAshort 0.0257 (0) 0.00 0.0257 - 0.0258 
SFtw mm.day-1 DILong 0.0252 (0.0054) 21.43 0.0078 - 0.0318 
  DImedium 0.0243 (0.0068) 27.98 0.0044 - 0.0318 
  DIshort 0.025 (0.004) 16.00 0.0117 - 0.029 
  WAlong 0.0153 (0.0089) 58.17 0.006 - 0.0318 
  WAmedium 0.021 (0.0071) 33.81 0.0062 - 0.029 
    WAshort 0.0265 (0.002) 7.55 0.02 - 0.0305 
SFlw mm.day-1 DILong 0.0242 (0.0088) 36.36 0 - 0.0643 
  DImedium 0.0359 (0.0364) 101.39 0 - 0.2053 
  DIshort 0.0275 (0.0122) 44.36 0.019 - 0.1101 
  WAlong 0.0346 (0.0106) 30.64 0 - 0.0484 
  WAmedium 0.0345 (0.0236) 68.41 0.0152 - 0.182 
    WAshort 0.0231 (0.0017) 7.36 0.0203 - 0.0288 
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